
THE dynamo 




5?h:e utn m.0 

fts/theorV;* 

AWD MANUFACTt^RE 

■f 

BY ^ ^ 

C. C'E^AWKINS, M;A>M.I.EfE. 

Assoc. Al^R.i.E.E. 

/AIF5/A\^r£/) 


SIXTH EDITION 

REVISED THROUGHOUT AND LAKGI-J.V KEWRITtfeN 

[All rights rrstritd] 


V O L U M Ell 

(C0I%INU0US'CURRENT DYNAMOS) 



LONDON • 

*R ISAAC HTM|n a son*, LTB. 
PARSER MRSET, JUNGSWAY, W.C.2 
\ BAT9, i^Etsotrraye, Toronto, new yoke 
* # IW3 • * 



PRINTKD 
AT THK 


ORB aT% BRITAIN 
PtTMAN PREsSf bath 


0 



PREFACE to’ VOLUM15 fl - 

In the opening cnapter of the present volume, which completes th^ 
study of continuous-current dynamos, a detailed analysis of the 
effect of armature^(jpaction on the flux-curve un(^r load is given 
both for non-commid*ating-pole and commutating-poje machines. 
In the former, it has always appeared to the waiter that ^le 
ordinarily accepted division of the armature ampere-ttlrn§ into a 
'' bacllv" and a '' cross " group rests ^n f^simewhaU insecure 
foundationj#or at*least that its logical presuppositions and its 
I mitations as a truthfui.representation of the physical facts 
not been suthciently recognized. The revival and almost iftiiversai'^ 
use of commutating poles has largel}^ robbed this Question of 
practical importance, yet it is the writer's belief that the non- 
commutating-pole machine fully analysed still affords the best 
approach to a correct understanding %f exactly how a commutating 
pole works : its function is pimple, but how it performs it and the 
inter-relations of the main and revtTsing ^uxes are by no means 
so simple. The non-commutating-I)ole machine is still therefore 
given an important place in the cliapter on sparking. 

The subject of the eddy loss in solid and in laminated pole-pieces 
has%gain been reviewed in the light of further ex]'eriment«l results 
obtained since the last edition. 

Two designs of dynamos have been worktid out in full^in order 
tj illustrate jthe application of the numerous formuhe which have 
been given in preceding chapters : as exjdained in the text, many 
of the calculations wcijyld not need to be carried through in such 
detail, the practised designer depi'iiding on his judgment and 
experience. * Yet p)erhaps it may be jx‘rmitted fo express some 
regret that only too often* under the exigencies of business, insufh- 
cient^ime is allowed in the dynamo-designing office "for careful 
design and tabulatioij of data for future reference. In the end 
such care is economical in time an4 money. 

^ox kind* permission to reproduce j)hotographs and dhta referring 
to them, the thai^s of the Author are 3ue cspecuiliy to Messrs. W, H. 
Allen, Sols & CoVLtd. ; tojl^^ .-Mlis-Chalmers^Mamifac^iing Co. ; 
to the Britis^ Thomson-Houj^toh fo., Ltd. ; and t^f Oe»iikon, Ltd. 

^ » * c. 3 :.-h. 

J^uaty, 1923 ^ 




CONPNTS Ot" .VOLUME li 

Pl^FACB TO V0 Lu4e II 

Contents of ^lume II 

LisV OF Chief Symbols Additional to those, of Vol. I. 

^ • CHAPTER XIX 

ARMATURE REACTION AND THE FLUX-DKNSITV CURVE UNDER# 
load in continuous-current dynamos • 

Diameter of commntation and brusli-positi(*i— Itiie^unpciL'- 
turns ol^he armature — Magnetic licld of armatiirc aiKl 
its superposition on tiic main lieW Tlie ilistortioii of the 
resultant field-j-The composition (»f two M.M.!-'. systems 
— (I) The Non-commutating-pole Malhine (1) withoijt 
angle of lead {a) with constant reluctance, ib) with iron 
oi varying reluctance, (2) with forward lead - Hack and 
cross ampere-turns of armature- complete (.^n ve of 
flux-density over a pole-pitch,' and example of its 
determination — (II) The*Commutaling-})ole Maclniie — 

The component fields from main and roigmnlatmg-iK»lo 
excitations and from armature-— The resultant r(‘versing 
field — Example — Shape of the llux-density curve with 
commutating- poles — Limiting value of ac - “ Idashing- 
over ” — Limiting value of ampere-conductors per pole— 
Compensating field-winding — (HI) The Homopolar 
Machine — End-ring reaction . . . . . 1-59 

CHAPTER XX 

COMMUTATION AND SPARKING AT IHJ: BRUSHES 

fJature of sparking — Adnistment of brusli position— Pi o- 
•cess of short-circuiting a section — Apparent indifctancc 
of short-circuited section — ^The equation of the slxirf- 
c^cuit — ^The ideal case of linear commutation — Tljp 
reversing field required for it— Contact-resiStanco of 
copper brushes — of carbon brushes under jicrmanent 
conditions — under rapidly varying current-density — 

' Corrective effect of brush coi^tac^-icsistanco — Cx)mpari- 
son of coppeAand carbon brushes — ^Thc external revers- 
ing field obta^d withouj (jornnw fating poles by»angl^ 
of lead-^or by commut^tidh poles— Division ^5f t}»e 
short-circuit current into its “ correct " afid " addi- < 
tiftnal” components-^Thc reversing field required for 
— The system of comjfonents-r Importance Sf 
Jif-f X^/rf^-~<Jalculation of —Influence of 

of \ftnding — ^The in^ct^ce ^iih commutating poles — 

The tvne of^commutation — ^The t^ue criterion of sparl^ « 
ing-^^actical ^Itoge efiterion — The shapp of ^ the 
vii 


rAOt 

r 

vii-ipc 

xi-xvi 



PACK 


iw'ii* TH^ DYNAMO 

polfcntial curve between brush afid commutator — Calcu- 
lation -Its permissible values — The Separate 

factors ^niuerj(:^ng sparking — importance of p lar^e 
number) of seAors — Numbef of ampere-conducrors and 
sectors per slot-— fn the non-commiitating-pole madnsne, 
limiting number of gimpere-conductors per pole and per 
unit length of armature circumference — angle of lead — 
Choice of pitcl^ and number of slots — The amp^-turns 
of the coriinuitating poU — importance of Ic'akage and 
faturation - Kxample witli only half as many com- 
ma tatingv as main poles — Proportions of commutating 
poles * -l^^xperinu^»\ta) comparison of inductance’ of 
machines and defermination of sliort-circuit *curren^ 
-Brushes and brush-holders^ - Local sparking — 
on tlie surfuce-of-core and end-connexiofTInductance 
of Continuous-imrrent Aripatures . . f . 

ciiArncR XXI 

tin: IIKATINO OF DYNAMOS 

c 

Rise of temperature —Disadvantage of large temperature 
range “less accuracy of regulation -disadvantages of 
high temperatures - increase of electrical resistance — 
deterioration of insulating materials -Maximum per- 
missible temperati'ire Maximum jicrmissiblc rise of 
temperature -Ahuximum observable rise of temperature 
— I'duU.'dded temperature-detectors -Rated output— 
Testing for rise of temperature-— A '.rowth of temperature 
risc-'llie licating of stationary field-magnet coils — 
Tliermal conductivities -IVedetermination of rise o^ 
temperature in held coils Sources of heat in armatures 
and importance of eddy-current loss — Kffe^t of peri- 
pheral speed— Loss over ohmic resistance— Kddy-ciir- 
rent loss in ariuature core in bolts through armature 
^ore — in • copper winding -in to^thed^ armatures — 
Approximate formulic for eddy h>ss — Hysteresis loss — 
l^edctenhiuation, of rise of temperature — Calculation 
of ccHiling surface— effect •of internal ventilation — 
Heating of commutator -Calitilation of commutator 
losses — 'rertrperature rise of commutator — Eddy-cur- 
rents in pole-pieces — I'ormvftif f^r eddy-loss in ^le- 
pieces wiith ^damyiing — Eddy-currants due to/flux- 
pulsatioif^ f 

CHAPTER XXII 

rffK DKSIGN OF (;ONTlNl^US-CURRENT DYMUmOS 

Range* of s^x’Ufls — Determination #f necessary Z)*L of 
armatur^ — as dependent on ^vatts pe| re^ per piin. — 
Inlportwice of D*L — The speciffc torque cbdSijient^ G, 
• * ivnd its regproc»l, the size cocfficTent — ^Th*^ specific 


60-171 


172-226 



CONTENTS /)FV0L. n . ’ i». 

I 

• PAC«. 

values of Bj and ac — ^Division of the product, lAL — 

Design of 4-polf dynamo with toothed armature for* 

55 kW — d! 6-pofe dynamo for ^50 kW— Furtl^^ ill)js-*^ 

|trations of machines — Measurcmcift of losses (•) by% 
calibrated jj^tor — (6) by motor-current metlio*d — (c) by 
retardation method — P'riction loss —Additional losses 
under load — Efficiency test by Kapp-Hopkinson 
metliod — Efficier^y and weights of continuous-current 
* dynamos — Homopolar design — Cx)llectipg gear at hij’b 
speeds ......... 227--^02 


CHAPTER XXIII ^ 

THE WJ^KING AND MANAGEMENT OE (.ONTINUOUS-C I'JiKENT 
^ DYNAMOS 

The coupling of sories-wound dynamos in series — of sliiint- • 
wound dynamos in parallel — of serics*wound dynamos 
in parallel — of compound-wound dynamos in parallel— 

Regulation of load between compound-wound dynann s 
in parallel — Three-wire dynamo<| — Foundations and 
erection of dynamos — Care of machine in working . 303-317 

t 

Index to Vol. II ... . . . 319-322 




• fcl 

OF CHIEF SYMtej^S, 
ADDITIONAL TO*THOSE, 

AT^. . . = demagnetizing armature AT on half magnetic’ 

circuit (eq. 142). 

. . =r itr, expended over armature oifre from phme of 

maximum flux or neutral line ifp to point x 
(Fig. 325, Chap. xix. §8). ^ • 

— AT expended over armature ^corc as ai)ove, on 
^ ^ • the leading and traifing s%les resi 3 ectiv(‘ly. 

ATJ . , AT, ^ when point x is at distance c' ‘from trailing • 

poffi-edge, 

AT,y,AT,^ . =Mr exixmded over tr^fal length of jiatli in anna-* 
ture core from plane of maximum flux uj) to 
plane of bifurcation, on the leading and trailing • 
sides respectively. 

ATgf. . , — A1 expended over air-gaj) of commutating pole. 

- rnagnetic/potential in .4 7' of main pole-face. 

= magnetic potential of main ])ole ^ire as due to 


Al\, 

AT,, 

ATr 

M 


Pmr • • 

. . 

m 

B^ . . 


held AT (including comm, poles) acting alone. 

. = magnetic po.tehtial of (omduitating pole-face as 
due to field and comm, pole AT acting akwe^ 
. = magnetic potential of commutating pdle-facc as 
due to armature AT acting alone. 

. ■- ampere-turns of excitation on a commutating pole, 
height of rectangular i)acket of coil end-con- 
nexions (Fig. 391). 

~ ma^ietic potential of main pole-face due resjxct- 
ively to field (including comnj. poles) AT and 
toarqiatufc.d/’actingalone (Chap, xix, §§ 7,1 1). 

— 47r X eqiiiv. permeance j)er cm. lengtji for wedge 

and slol-oj)ening (Chap. x\^ § 24). 

“ cross-sectional area* of commutating pole. 

~ effective air-gap area of < ommutatii^-|X)lc revers- 
ing field (Ctia].> Tiix, 14 ; and xx, §41). 

— ^lux-densi^^* jn I air-gap at leadihg aaid trailing 

pole-corr»er respectively. ^ 

= flufrdensity- in air-gap under commutating pole. 
=1 flux-density in Jpole-corc of commutiding pole. * 
= flux-density aU brush {x)sit^on from symmetrical 
main field excitation (Chap. xx,^§32). 

= torreci fliAc-densit^ from symmetrical^ plain* field 
^x^itatioA for linear commutation (eq. 192). 
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^ flux-density of armature cross flux. • 

~ reversing flu^t-den.sity from commutating pole. 

»= ^rrect reversing flux-density for finear com- 
* lyutation (eq. 193-195). * 

- width of rectangular packet of coil ffltt-connexions 
(Fig. 391). 

Air y. equiv. jx^rmeance per cm along surface of 
core (('hap. xx, § 24), *- * • 

pitch of .sectors at surface of commutator (Chap, xx. 


■■ p^Tip()eral width of contact of brush (Chap, xx, 

§-'<)■ ' • , 
periplieral width, of mica insulating strip in com- 
mutator. 

magnetic potential of yoke opposite commutating 
[)ole as due respectively to field and comm. 
poK' .4 7' and to armature A'f acting alone 
(('hap. xix,^^ 1 1 ). 


^ number of commutator s(‘ctors or coils. 

- number<of sc'ctions simultaneously .short-circuited 

at a brush (e(p 191). 

- : number of sectors per slot. 

- half interpolar gaj) measured on armature circum- 

ference in non-cominutating-pole machine or 
half distance betw(!e.n a main and a com- 
mutating pole. 

~ distanc(‘ measured on armature circumference 
from trailing poh*-edge to tangent point of 
main field component flux. •“ 

distanct^ of bifurca^on point of lu'inature copi- 
ponent flux ahead of JS. 

- ' distance of tangent point of resultant flux a|iead 
Of IS. 

- distance of diaipeter of commutation ahead of IS, 

I '} 

- diameter of Co.nmutator. 

- distance by which zero of armature component 
* cross fliLx falls l^ehind centre oi pole (Chap, xix, 
'§C.). . ^ 

~ diameter of collecting ring iit homopolar dynamo 
(Chap, xxii, S^il). ^ c 

= set up bj'tween extreme ed^ of brush 

(Chap. XX §3F). , . . " 

~ ditto with bpishes at no-load p<^sition, without 
commutating poles! f 
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\ 

• = ditto with brushes at half-load position mthout 
•commutating polfs. 

= drop of potential over one^^set* gf brushes 
(Chap. XX, § 10). ' ‘ 


F . 

p. . 

F ' 

u 

Fu" ■ 

/'(E)- 

m ■ 

me • 

m, ■ 


~ coefficient for eddy-current loss in armature 
^(Chap. xxi, § 18). . . . 

— are& of contact of one hriish-set, - ft, (Chap, xx, 

§5). 

~ area of contact of one brush-set ^itlj leading 
sector of short-circiij^ed •^efion. « 

=-• area of contact of one hnish-set with trailing ^ 
sector of short-circuited section. 

^-^af per cm. at density B in iron. • 

— E.M.F. induced in •short-circuited* s(!('ti()n by 

rotation in main or commutating-pole held. ^ 

— correct ICM.F. in short-circuited section for linear 

commutation. • 

= ^ difference; /(/) -/(Oc- causing 


G 

H 


h, . . . 

h-ATcn . 



specific torque coefficii'iit (Chaj). xxii, § 2) - (watts 
per rev. jx^r min.) jl/^L. • 

heat capacity of a body, i.c. joules ft'hich wllf 
raise its tem]>erature 1 

hysteresis coefficient of armature »r- Hyt^jN 
(Chap, xxi, § 23). 

\(AT Al\^) -- magnetic potential of armature 
c^re on neutral plane (Chap, xix, |^8). 
magnetic potential in AT of armature core 
opposite dbmmutating pole {Chaji.^xix, § l!^). 
height of wedge (Fig. 3vS7). 
height of lip of slot-opening ..(Fig. 3S7). 
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i 
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. — current in tliirTl win; of three,Twire system 
^ (Chap. xxii>. 

. =< instantaneous current in short-circuitpd section. 

. ='correct insttiptj^heous current ip shcJrt-circuited 
section far linear commutation'. .> 

. = additional instantaneous current in short-ciraiited 
section- f - tj. »i ^ 

: = instantaneous^ current in leading commutator 
connector o^ .short-circuited section. 

. := instantaneous tu^J^ent in trailing commutator 
^oiinectcrt of short-circuited section. 
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y. A . . =i joules required to raise 1 cub/ inch 1° C. 

■ . (Cha^. xxt § 11). ■ , 

j (with sumx)‘^= awimber of coil^sities simultaneously short-circuited 
/ and acting on the same permeance (Chap, xx^ 

§24). 
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. — permeance factor which, wl\en multiplied Ipr 
h^ojWg, gives for a barrel-'s^inding in two layers 
part of the slot-inductance of short-circuited 
* section per cm. length (Chap, xx, § 24). 

. = eAft^msiort coefficient for air-gap length oi^ com- 
mutating pole. ‘ 


^Lr 

I 

v 

hr 
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i* 
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~ axial length of commutating-pole face. 

= net axial length of armature core after deduction 
of air-ducts. 

= length of one complete end-connexion of coil. 

= length of air-^'ap under commutating pole. 

— axial length of one set of brushes along com- 

mutator. 

— radial length of commutating pole. 

= apparent self-inductance of short-circuited section 
at final' moment. 

= 47r X equivalent permeance, in calculations of 
inductance. 

= angle of lead of brushes in electrical degrees = pX, 
= angle of lead of brushes in mechanicai degrees. ^ 
= 477 X equivalent permeance per cm. length, in 
calculations of inductance." 

~ ditto for the two sides of a drum coil respectively. 
= ^ditto for one complerte end-connexion. ® 


a/ . 


— mutual inductance. 


R . 


Rk .. 
R," f 


, . leakage permeance of commutating pole. 

C. II 

. = resistance of short-circuited section and com- 

^ \ mutator conniEctdr3*'= r -f- 2rfijbi (Chap, xx, 

. ^ ^ §7). ' ‘ 

. . = specific resistance in'ohn\s per unit area of brush 

•• contact^ on coihmutator. < o* 

. ^ = speci^c resistancejn ohms per unit afea of brush 
contact with lending sector. ^ * 

. /. = specific resist^oe in onms per unij are£Uof brush 
contact with trailiftg sectorf . * 
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s= magnetic reluctance of half, length of pa)h in 
armature core. > > ‘ 

.•= magnetic reluctance of commutating? pSie. 

. = magnetic reluctance of commu,tatmg-pole air-gap. 
. magnetic reluctance of tooth. 

. = magnetic reluctance of teeth per sq. cm. of path 
at leading and trailing pole-corner respectively 
(Chap, xix, § 18). / * ' 

. = leakage reluctance of commutating, pole. 

. = magnetic reluctance of length of path in double 
section of yoke or of half Ipngth of path in 
single section of yoke.’ 

. — ditto of half length of path in single section of 
yoke^ on leading side (Fig. 328 ; and Chap, xix, 

' §§ 10 and 11). 

. = ditto of half length of path in single section of 
yoke on trailing side (Fig. 328 ; and Chap, xix, 
§§ 10 and 11). 

. = resistance of one section of armature winding 
(Chap, ^x, § 5). 

. = resistance of one commuta^tor connector (Chap xx 

§5). V F. 

. — resistance of one leg of static balancer (Chap, xxiii 
?7). ' / 

. = distance between centres of two adjacent coil-' 
sides in same slot and layer (Chap, xx, §§ 36 

and 45). o 

• ** 

. = normal current-density at brush-contact (Chap xx 

§6) = 27 /F„. ^ 

. = normal current-density at brush-contact . with 
leading secitor = iJFJ. . ' 

. = normal current-density at brush-contact with 
trailing sector = ^ 

. time of short-circuit of armature seption in secs. 

^ (eq. 190). X.I . 

. tooth-pitch. 

. — Hse of temp^^atpre. 

. = peripheral speed of armature in cm. per sec. 

. ==• peripheral speed of commutator. ^ j 

•• = potential of third wire (Ch^p. xxiii, §7). 

. = peripheral speed of commutator in ft', per min. 

^ (Chap, xxii, §421^ tj ^ ^ 

. = pe?ip)|ieral ..peed of collecting jing in ft. per min.^ . 
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I ^ A 

. . = number of conductors in a c6il-'Side of an 

, armature coil (Chap, xx, § 24) = Z/2C. o 

• '■ peripheral width of commutatihg-pole face 
^ ,(Chap. xix, § II). ' « 

. . = ampere-tums of excitation over double air-gap 

=-2AT,. 

. . =itampere-turns of excitation cOtfer teejth = 2ATii 

o 

. c. = total flux (useful and leakage) in commutating 

. . = useful flux of commutating pole. ' 

. = leakage flux of commutating pole. 
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CHAPTER XIX 


ARMATURE REACTION AND THE FLUX-DENSITY CURVB UNDER 

LOAD IN CONTINUOUS-CURRENT DYNAMOS * 

• • ♦ 

§ 1. Diamtter of commutation and brush-position:— In the 

continuous-current clos^-circuit d 5 niamo, whatever the nature 
of the armature winding, it is divided the brushes into as many 
current-sheets as there are poles. Thus in the case of i drum-wound 



Fig. 314. — Magnetic field of continuous-current armature without • 
• fiel(fmagnet. • 


armaftire for a 2-pole machine or as part of a mnltipolar machine, 
two sheets of current as shown by the dotted and crossed circles 
of Fig. 314 flow along the external^urface from end to end, and 
the;, direction of the currents in Jhe^ active conductors changes at 
the diameter of ^mmutation (DC) corsespontog to th^ position 
of the brushes — unless the ^rwfatufe is chord- wouifd, v4ien adja- 
cent current-iheets partially p^fer1ap. It may here b^ rec^led 
that the relative position of tjie line of the brushes on tPe com- 
mutatol: and the^line passing thraugh the coils underling c«n- 
mttation on^ihe armature core ipay vaiy according to the way 
in which#they are connected to^he commutator sAtoFs, but in 
the toothed drum caachifte tfie coim^ion is usually maflp at 4he 
.centre of ^he encf-coipiectors, #o that*the brush position is shifted 
• . 1 - * 

^1— {5065a) 
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90 electrical degrees or 90/^ mechanical degrees away from the 
true line of commutation. Jn every case, then, the line or diameter^ 
'of commutation term extended to multipolars by •analogy from 
the 2-poIe d 5 rfiamo) must be understood to refer to the actual 
( position of the coils undergoing commutation rathsr than to the 
position of the brushes corresponding thereto. 

§ 2. The ampere-tums of the armature —In Fig. 315 (a) a few 
of* the ampere-iionductors of Fig. 314 are joined by end-connec^rs 


' iD 



ic (6) ^b) 


Fig. 315. — The armature conductors coupled up into loops by end- 
qonnexions {h, h') replacing thb real end-connexions {a, a'). ' 


as they might be in the afctual 2-pole machine. So far as their 
magnetic effect is concerned, Tt will be seen that in each pair, one 
on either side of the diam^jf^r of commutation, the compondsnts 
of the cprrent parallel to the diameter of commutation, being in 
opposite 'direc'tions, practically carlcel out, and only the components 
at night hngles to the diameter of, commutation, being uniformly 
in the same direction across the core^ are left to reinforce one another. 
Itcwill therefore not conflict wHh the InagnetiCc effect of file end- 
connexions if we igndre their actual paths in considering fhe 
M.M.F. of the current-carrying armature as a whole, and imagine ^ 
each acttve conductor connected acioss‘ to a corresponding active 
conductor on thf opposite side of <*.he diameter of coramutationp 




AmfAfURE'"REACtjdN, C.C. DYNAMO^ S', 

in planes at right angles thereto, as shown in Fig. 31 5 (6) . A number 
of loops are thus obtained, each caning a current equal ta half 
the total armature current, of whi^h the M.M.F. ^as 4h^ general * 
direction parallel to the diameter of commutation.* If Acting by 
itself, with th% armature in air, this M.M.F. system would yield ^ 
lines of flux through the two halves of the core on either side of 
the diameter of commutation, issuing from the lower surface and 
circling round to enter jn at the upper surface (Fig. J14). 

• In the multipolar case (Fig. 315 (a') ), \he crossing of the end- 
connexions in opposite directions in the two layers o^ a barref- 
wound armature,* appears to introduce great complexity, but this 
vanished when the egid-connexions are defelo{)ed on thelflat and 
the directioffe of the currents are examined (Fig. 316).’ Let the 



Fig. 316. — Currents in end-connexions of barrel-wound armature. 


cuiyents be reiolved into axial and peripheral components. Then^ 
considering any one mesh such as abed opposite a pole, the 
,p§rjpheral components practically neutralize one another, so far 
as their magnetic effect is concerned (except for the space between 
the layers) and only the axial* components need l)e considered? 
But in a mesh such as efgh in the plane of commutation, it is 
the axfhl components which neutralize one anotljer, and*only the 
peripheral components which agree in thfeir magnetic effect. Apply- 
ing the same analysis to other meslles the whole system of end- 
coni^exions resolves itself into pairs^(^ triangular current-sheets, 
one opposite the Commutation pfane in .which the current flows 
circumferentially, the two tr^augles* being bounded* by Ihe end- 
connexions of diametric loops ip thi middle of their* commutation 
period (Fig. 395). When the^ strips of current are join^^d up, 
a series* of loops ^s reached, ^ whi(^ justifies us in repkeing t^e 
4ctW end-coiwiexions by the imaginary system of Fig. 315 (6'). 
^Thus the j^eal armature winding fjiay be assuSied to^be^replaced 


' See " A IJote flie Distribution of Fljx around a Continuou^curr^t 
Armature,” B. Hague anA Fj F. Hf)Schr5der, Electr., VqJ. 75, j. 959 (1915). 
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in a^wo-pole machine by a single coil having for its a/da the diameter 
of commutation, and in ao multipolar machine by as many coils 
■ as there'aro pojgs, each of curved pancake shape (Figt 315 b and 6'). 

The gfeneraf elfect of the 2/> current-sheets giVfen by these (roils, 
when considered apart from any other M.M.F.'s, ma^ in all cases be 
stated to be the formation of N. and S. polar surfaces about the 
opposite ends of the diameter of commutation and stretching 
along the entity length of the core. The pnc polarity shade% off 
into the other at right' angles to the diameter of commutation 
about the, centre of the current-sheets, ie, about the centre of the 



equivalent coil-side of the 2-pole armature (Fig. 315 b) or the point 
where the equivalent coile^of^ the multipolar armature divide 
(Fig. 31? b'). . . ; 

§ 3. ‘field of the aifmattitrei alone. — When the armature ’ 
is ^urrotinded' by air, the flux due to the armatu*e ampere-turns 
will comparatively weak. Bat whei? the armature, either 
bipolar tr multipolar, is placed withfn the eipbrace of *the iron 
pole-pieces of the fieldSmagnet, the length of thec^ir-path under 
the poldfe iS so greatly reduced that the same armatiire M.M.F’^ 
will yieM a strong flux, parsing across the poles and traversing the 
two short air-gaps (Fig. *317). lAs the ^rmiture ‘notates, the 

; ' I r 
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conductors successively from one current-sheet into thej^xt, 
J^ut the sheets themselves remain fixec^ in space, ^ and so^so' the 
flux to which they give rise remains stationary an(i un(?lianging. 

The shape of the spacial curve of flux-density from the ai:mature 
M.M.F. alone if, in the absence of any commutating poles, indicated# 
at the foot of Fig. 317, from which it will be seen that the density 
rises to a maximum at the pole-tips and diminishes in the interpol^r 
gap^ owing to the greater length of the aij'-path thereat, although 
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Fig. 318. — Magnetic field of armature with field-magnet and 
* commutating poles unexcited. ^ * 


this cegion is realljr the centre of Jh^ polar surface formed by the 
armature. When commutating poles ar^ present, the c^rve will 
have the shape shoVn in Fig# 3*1^, ^and the armature flu^ will be 
especially strojig under the commutating poles., • ^ h • 

It is l^ere for the present assumed that the diameter of commu- 
tation coincides with the idterpolan line of symmetry or*with tlie 
centre of a cojfimutating pole. • * , 

If Z be«the total number of coaductors distributee? round the 

. • • t • ^ 

' Except foe minor commutation effects, and slot and tooth effects which 

Are here n^ected. • • 
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am^ture, and the current flowing in each be y, 'the ampere- 
conductprs forming one ctfrrent-sheet ^ are — 


2p 


or ac .Y 


where Y is the pole-pitch and ac is the number of ampere-conductors 
p^r unit length in the circumference. Assuming the conductors 
to be uniform^' distributed or evenly spaced^ in small groupsyi for 
angle ' 6^ in electrical degrees (Fig. 317), or distance x 
measured on the armature surface when 0g„ and x fall within one 
curren'c-sheet, tl?e ampere-conductors embraced are — 

' Ex 

2p 180° 


; or ac .X 


Between two points making equal angles with the centre of the 
current-sheet or at equal distances from it, i.e. reckoning or x 
from a point at right angles to the diameter of commutation, the 
ampere-conductors embrace^ are — 


180° 


or ac . 2x 


their M.M.F. is 


\>2S1— k — - 
^ 180° 


or 1-257 ac x2x. 


and the maximum value of the M.M.F. reached on the diameter of 
commu'tation is 1-257 JZj2p or 1-257 ac.Y. 

Taking any closed path, as between r q (Fig. 317),®the flux which 
traverses it is equal to the M.M.F'. of the armature ampere-turns 
within those points, divided by the reluctance of the double air-gap, 
pf the teeth ap.d of the iron pole and core through which the lines 
pass. Under the present assump1;ion that the armature are 
symmetrically placed with respect to the poles, there is no ^.M.F. 
and no flux opposite the centre of the pole-face ; thence the density 
rises to a maximum at the pole-tips. Outside the limits of the polar 

* The values here given im^ly that the full current occurs eviwx in the 
short-circuited coils on either sicfv; oC the central comi;nutation plane. ” The 
maximunv that will reached if commutation process properly is there- 
fore slightly OAffer-estimated, and te really as shown by the dotted line at the 
apex of the M.M.F. triangle (Fig. 317^. ff it be assumed that in each com- 
mutatiri zone two sectors are always short-circuited out of a total of 18 per 
pole, i.e. covering a zone of 10® (electrical) on either side of the diameter of 
cgpamutatipn and that the short-^rcuit current follows a linear* law, the 
ampere-conductors rise at ^ uniform rate of ac per ciA. from the centre of 

the curreat-sLeet up 'to ac X | , und thence at a rate 'decreasing from c 

ac^o ztT(9 and averaging | ac.^ The mfexinfam over a pole-pitch is then 
^ /8 . 1 \ „ 17 r ‘ 
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arc. the armature M.M.F. continues to increase, but for Klg must ' 
now be substituted in the non-corimutating-pole* machine the 
increased length of air-path, naiyely, Klg + as ^p^ined in- 
Chapter XVI, § 6 (a) ; the density therefore decrefees and falls to 
a minimum (but not to zero) on the line of symmetry.’ In the 
commutating-pole machine, although it falls to a minimum in the 
gap between a main and a commutating pole, it rises again to a 
se^nd maximum under the commutating pole o\^g to the* sWbrt 
length of the air-gap there. • 

§ 4. The distortion of the resultant fleld.--Lct thj sheets ^f 
armature current shown in Figs. 317 and 318 be due to iotation 
of the armature as ^ dynamo, say, in a ck)ckMiise directif)n ; then 
in order t^ produce armature currents in the directions shown, 
there must be a N. pole on the left*and a S. pole on the right-hand 
side. Let that edge or corner of the pple under which an active ' 
conductor first enters after passing through an interpblar gap be 
termed the " leading '' edge as opposed to the trailing edge 
from under which it emerges into an interpolar gap. If the general 
direction of the two symmetrical sefs of lines, namely, those that 
would be due to the field-magnet system by itself, and those of 
either Fig. 317 or 318 that would be due to^the armature AT alone, 
are now compared together, it will be found that th.e lines are in 
the same direction in the air-gap and teeth under the trailing half 
of each main pole,®^.g. under each trailftig pole-tip [r, Fig. 317j, 
but that their directions are immediately opposed in thC air-gap * 
under the leading half of each pole-face, e.g. under each leading 
pole-tip {q, Fig. 317). The commutating poles being in th^ dynamo 
virtually extensions of the leading pole-tip brought to the centre 
of the gap between the main poles, the direction of the lines in 
the commutating pole? and their air-gaps as due to the field-magnet 
system (including the excitation of the commutating poles) is 
always directly opposed to thSt of the lines due to the, armatdfe 
AT acting alone. 

But when the dynamo is at work and supplying current, the 
M.M.F. 's of both the field ampere-tuihs and the armature ampere- 
turns are simultaneously present, %nd in fact there is only one 
resultant distribution of field du^t^tlie combined effect of the two 
acting together. * In nature the total flux is always the ^maximum 
that is possible with the gi>iei»*nuifiber and distribution* of all the 
ampere-turns* that are preset* due regard being pi!id to the 
reluctivity of the mat^ri^ of Jthe circuit whicli, when of Son, will 
ajter as the flux-density aft differejit points is varied wi^h diffei^nt < 
distribution^.* I.e. the total flujc is liiflced with the maximum 
possible €iumber of forward AT^jov conversely passd^ through a 
minimum number* of bfck ftr. If •the symmetrical df^ribuiion 
which holSs when the armature is on open cirjuit were retained, • 
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* the lines in the armature would run in paths parallel with the 
armiture of Fig. 315 6^and b', and would not thread through 
.them; Vuc^ a distribution could not therefore express the mag* 
netic effect of*rne armature turns. It follows that the resultot 
lines of the field-system no longer pass straight acfoss the arma- 
*ture from pole to pole, but tend to become bent so as to pass 
through as many forward AT of the armature as possible ; in 
other- words, tl^e field is distorted or twisted round in the direction 
of rotation,. Thus in Figt 319 it is shown how in a 2-pole machine 
if* a line which is initially central enters the armature in the upper 
left quadrant and emerges from the lower right quadrant, it will 
pass through a certain » umber of forward arnjature ampere- turns, 
and the same will be also found to be true in the muiapolar case 
(Fig. 319 6). But all the lines cannot flow dong the paths indicated; 
the action of the additional forward ^47' through which the lines. 



Fig. 319. — Resultant flux threading through armature ampere-turns. 


when thus displaced and concentrated, pass is ch^pked by t^e 
combined effect of two restraining causes, namely, the greater length 
of the path and the greater fall of magnetic potential that must 
result from the increased density of the flux in the trailing regions, 
even if the pernfeability of the matorial remained constant, coupled 
with the fact that in iron the permeability will in general decrease. 
The lines must therefore be more or less spread out, and thd total 
flux is retained at its highect possible value and linked with as 
many forward ^47 as possible# on the armature, so that the total 
energy stored in the resultapt magnetic field, in relation 4o |he 
exciting coils and the arm^turS tfims as a whole, ^is a maximum. 

The geijeral jresult is showuc in .pi^. 320. The distribution of 
the field op. the density in the air«gup instead of being, uniform over 
the gfea^er part of the bored face of tfie main pole rises continuously 
from the leading to the trailing pole-tip. The distortion 'of the 
resi&tant field now corre^onds to the inductance of ,+he armatiufe 
current-tuHis.e If the armature ^lurrent is reduced in strength, 
the ^es will straighten them^^^lves ani-. in •swinging back to a more 
^symmetrical distribution will -cut the^ armature cc/aductei;^, giving ,, 
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a forward E.M.F., tending to keep up the previous value of the ’ 
current. In so doing, the stored fene^gy of the amlature qfixent- 
turns, due to their reaction on the magnetic field, w^ll ^appear. 
Tl^ greater the armature current, the greater th^displsK^ement of 
the field as whole and of the resultant neutfal plane where the 
lines change their direction relatively to the armature surface. ' 
§ 6, The combination of two or more systems of When 

th| fines of the resultant field are thus more or l^s distorted and 
concentrated, the length of path followed by any on^ fine round 
its closed circuit and the reluctivity due to the flux-density %t 
each portion o£ the path will exactly absorb the M.M.F. of the 
ampere^turns with jvhich it is finked. Bi*t in ih? preseni case the 
varying lengths of path of the displaced lines and the actual number 
of armature ampere-tur^is to be traversed by any group of lines 


^ 



would have to be approximated by trial and error, so as to judge 
how closely the two checking causes that have been n^entioned 
CQunterbalan4:e any increased number of forward armature turns 
through which they pass. An immediate and direct determination 
o4 the resultant distribution would therefore be both tedious and 
uncertain. The process can, however, be simplified and shortened 
by considering each of the M.M.F. systems separately. ^ 

With two or more systems of M.M.F. 's on a common magnetic 
structure, and considering any closed path whjch follows ®xa^ly 
the actual path of the resultant fines, if only one system of M.M.h. s 
is taken into account and differenc«B of magnetic potential arising 
frqpi the second or other systems ot M.M.F. are leffout of con- 
sideration, a tru^component flux or den^ty which can be added as a 
scalar quantity to other such cojnpoHents is fouhd, ppovidSd that me 
final reluctances of any iron pyft 5re used in the c^culaUon. This 
does not, however, meet the needs of the practical probleifPso long 
as the* final patlj of the lesultan^ flux is unknown. But nex^ if 
vnth a complete knowledge of th^ final iiion reluctances in various 
direction*, the entire field due to^ach system bf M.MfF.’i be separ- 
ately and indepeadently dltermined. the composition of tj^ese 
fields vectdriallyVitIji regard ^o theirMirections, sense and strength 
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* will yield the true resultant field. For this actual field from point 
to pbipt is simply the resylt of the vector potential due to the 

* jdifferenV^y^tems of M.M.F. It^might then be thought that, with^ 
the knowledge ^esupposed, the resultant flux might be determigied 
more directly withbut the need for the use of imagingjry component 
'fluxes ; these latter may diverge widely from the real path, and 
when two such components are in direct opposition, their super- 
position makes^each appear somewhat unreaL^ The justification 
for their retention lies, however, in their lise as an intermediary 
mieans for readily discovering in what proportions to allot the expen- 
diture pf the M.M.F. of one system along various portions of the 
closed path folloW^*' by* its component flux. Even in somewhat 
complicated cases, a correct apportionment of the compoi::ent M.M.F. 
along the path can be made by using the analogy of an equivalent 

* system of electric circuitSj, .. 

But it mhst always be borne in mind that when the path of the 
component flux diverges from the actual resultant path, the reluc- 
tivity of any iron may differ widely from what would be its reluc- 
tivity to the component flux,*if acting alone. Yet, lastly, in such 
cases when in parts the path of the ^component crosses the real 
path, it usually suffices^ to consider only those lengths over which 
they closely coincide ; to the transversal lengths which complete 
the circuit may they, be assigned zero reluctance or zero resistance 
in the equivalent electrid system. The ground for the success of 
shch an Kipproximate treatment lies in the fact that in most prac- 
tical cases the reluctance of the iron for the secondary component 
nearly a^. right angles to the tme path usually has but a small 
effect in relation to the problem as a whole. r , 

Adopting, therefore, the process of determining in the first 
instance component fluxes as due to the fidid-magnet and to tjie 
armature and afterwards superposing them, the cases of the non- 
cdmmutatmg-po'le machine and of fhe commutating-pole machine, 
although largely similar, are sufficiently distinct to warrant Separate 
investigation. Altjiough the latter is now the more usual type, 
a true understanding of its action magnetically is best gained by 
a study first of the non-comiwutating-pole machine. ^ 

The NoN-Co^MU*fAfiNG-PoLE Macwine 
§ 6. Thb resultant field without an^^le o! lead in the non-com- 
mutating-^le fi^hine. — (a) W%th circuit of constcmt reluctance. 
First* irf the iron phrts of the circuit be assumed of constant per- 
j me^bility. c A comparison of the^cross circuits of fig. 317 with the 

^ As in the case of the» main a/id armature compone«n,ts through a 
commutating ptle. * ^ 

• For the plotting of the actual fltLx-distribj^tion in both the^noh-com- 
mututing-p^^e and commutating^ole macnine, see e^cially R. Richter, 

^ Archiv far Elekiroiechnik, Vol. 11, 'p. 85. 

M. • 
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main symmetrical paths of a 2-pole machine or of a multipolar as ‘ 
^ indicated (e.g. in Fig. 226) shows that J:he armature dompon^ flux 
passes transversely across the wi^th of the pole and^thf^gh the ' 
arfnature core, in each case more or less at right an|tes to the general 
direction of the symmetrical component field from the main excita- 
tion. The armature component is therefore termed the cross flux, 
and the ampere-turns which produce it are known as the cross AT 
oSthe armature. BuJ: in the air-gaps and teeth, ^ already stsrted, 
the two components have the same directiftn, although not necessarily 
the same sense. On the pole and core portions of the cross mtg- 
netic circuit there will be expended some small proportion of the 
armatflre M.M.F. embraced within any #ngle#28^, where 6, is the 
angle on ftther side of an axis at right angles to the- diameter of 
commutation, i.e. reckoned fronf the centre of a current-sheet. 
But the proportion so expended will {pr the reason stated in the* 
preceding section be very small, the transversal relucftance of the 
iron bearing only a small ratio to the total reluctance. Deduct- 
ing then this small proportion of the armature M.M.F. , the 
remainder is expended on the air-gaps and teeth, and the latter 
being for the present assifmed as of constant reluctance, half of 
the remaining M.M.F. will be expen ded^equally on each air-gap 
and on the teeth at similar points on either side of the centre 
of the pole. For any two points symmetrically situated in the 
trailing and leadiAg halves of a pole-f)itch, the armature cross 
component in the air-gap and teeth will thus be the same,*and sinte* 
in the trailing half it is in the same direction as the main component 
but in the opposite direction in the leading half, the resultant flux 
density in the one half is as much strengthened above the normal, 
as it is weakened in the other half. The resultant field is then 
merely twisted rounS in the direction of rotation, becoming much 
denser under the trailing pole-tip, and much weakened under the 
leading pole-tip, and graduall^^ reverting to the initial yalue of ^he 
den^ty at the centre of the pole. Thus the two systems of M.M.F. 
being in quadrature, and the iron being assumed of constant 
permeability, the total value of thd flux is neither increased nor 
decreased but remains unaffected.* But, as indicated in Fig. 319, 
the resultant flux in varying dqgr^now threads through a certain 
proportion of the armature ampere-turns, and therebjr the energy 
stored in the mstgnetic fieki is increased. j?.g. t^king»any line in 
Fig. 319, thfe ampere- turns of the armature with»Vhiclt^t is Jinked 
are jyoportional to the sum* of the distances* from the pble-centre 
sat which it enters and* at whigli it emerges from I4ie arm^ur^ 
surface. •• • • 

But in the given case there remains the question vfheflher owing to 
the distortion (jf the fiefd tlfere is an^ reduction of the 0. JI.F. ©f the 
' armatufe* even though the Stotal flux may renjain the same. The 
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• brushes being assumed to be on the interpolar line ofi symmetry, all 
the active conductors within the angle by which the neutral line 

‘ has beeiruhi(fted ahead of the lin^ of symmetry are positively harm- 
ful, so that on 'fnis account there would be a loss of E.M.F. But 
on the other hand, this back E.M.F. is balanced by ani^qual increase 
in the forward E.M.F. of the active conductors within the same 
angle behind the symmetrical line. There is in this case, therefore, 
no net* loss of E«M.F. in spite of the displacement of the resulting 
field — a result which may'*also easily be arrived at by the following 
coiisideration. Since the E.M.F. of a drum armature as a whole 
is proportional to the algebraic sum of the resultant flux embraced 
within a loop situaHd u^der the brushes, if this resultanf'flux is 
reproduced by the superposition of two Separate flux-Ctstribution 
curves it is evident that the E.M.F. of the armature may equally 
‘well be calculated by considering the E.M.F. given separately by 
the two component flux-curves, each being summed up algebraic- 
ally within the embrace of the short-circuited loop. The cross 
flux traversing the armature core in a direction parallel to the 
diameter of commutation, no portion of it is embraced by the loop 
in the position of short-circuit. It has therefore no net effect, and 
the initial symmetrical main field remaining unaltered, there is no 
reduction of the E.M.F. in spite of the fact that the diameter of 
commutation does no<: correspond with the position of the resultant 
neutral line. " 

* '"'If the reluctance of the transversal portions of the cross circuit 
be neglected as of small account, so that half of the armature M.M.F. 
may be credited to overcome the reluctance of air-gap and teeth 
on each side of the centre of the pole, the resultant density at any 
point distant 6^3. electrical degrees or x cm. from the centre of the 
current-sheet and under the pole is — 


1*257 


^ATg -f AT f Jh ^ X 


180 




Ki, + yt. 

1-257 (AT, +*AT, ±ac.3c) 




(140) 
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flux would i)e» slightly reduced, but the distribution of the latter ’ 
would still remain symmetrical about the centre of the pi^-face 
*as in the preidous case. Such a possibility would, however, rarely ’ 
octur, and in general the rapid rise in the reluctanc^bf th^ saturated 
iron in the trailing portion of the pole and under it, where the main 
and armature components agree in direction, cannot be balanced 
by an equal decrease in the reluctance of the less saturated iron 
under the leading portion of the pole. This is esjpecially the (!ase 
with the toothed armature in which the*iron teeth become highly 
saturated near the trailing pole-tip. ^ ^ 

The two portions of the armature cross flux in the t air-gap 
under fhe poles thefi become unequal, yet*the excess of the leading 
portion of fhe cross flux must in some way be enabled io complete 
its circuital path correctly. It i§ not the case that the actual 
ampere-conduct ori of the armature caq be coupled up across the * 
armature into two sets of ampere-turns of unequal* magnitude, 
the greater to act on the path of higher reluctance ; for the effect 
under one pole is repeated in the same order and is not spacially 
reversed under the next pole. The solution is, however, found 
in the redistribution of the resultant magnetic potentials ; in 
relation to the armature ampere-turns a% acting alone, the poles 
no longer remain at zero potential, but the potential of the N. pole 
of the main field rises as a whole. above zero te some positive value 
-f a\ and the poteAtial of the S. pole siiftcs as a whole to a similar 
negative value - a' (Fig. 321). That is, in the resultant fietd 4- -dJ'p* 
and - AT ^ oi the polar faces exceed AT^' and- AT ^ (which would 
arise from the field excitation alone) by the numerical amount a'. 
tBy this means two results are secured. The M.M.F. of the 
armature turns with which any line of the cross flux is linked is 
n€ longer expended ?n equal proportion over the two gaps and 
teeth, but over the leading gap at any distance j reckoned from 
the centre of the ctirrent-shecf (Fig. 321), there acts th^ differeifce 
of potential + y- a\ and over the trailing portion at any 
distance % there acts a' - (-ac. x) ~ ac.x No' cross flux 
passes through the gap under one pble when the potential of the 
core facing it has the value ac .d^ a*, and under the other pole 
wken the potentml of the core has the value -ac.d ~ 

This implies tha^ the point of zero armature flux move§ backwards 
against the direction of rot^tfen, ^nd the distance*^ hy which the 
zero point isf shifted back, so,tliaf it falls behind ^e ce^^tre ^f the 
curreijt-sheet or centre of ih% pole in our present case, is*fixed by 
the relation ac. d a\ * • • » 

The inequity of the fluxes is thereby lessened owing to the 
greater ^iroportion of the armatiSre M.M.F. expended’ oft’the trailing 
side. But it is^ifot ne<?essAy that inequality shoifld be more 
then reduced; for# at the «ame tifne the dif|Brence of potential , 
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2 a' acts between the poles and passes the excess 
of th^ux of the leading sidp via the two paths of the yoke (in the 
reverse direction to the main flux) from one pol§ to the other, and* 
the circuit for'^fne excess flux is thereby completed. The abtve 
two effects thus prbceed together, and owing to the comparatively 
low reluctance of the yoke a very small value of a' suffices to equalize 
a considerable divergence between the amounts of the cross fluxes. 



Fig. 321. — Field from armature M.M.F. with iron in resultant sta^e 
" of saturation. 


Correspondingly the requisite acnount of shift backwards d — a* jac 
is very small. Were it not fcr-^the above equalizing effect, a lai^ge 
movement backwards would be required, and t/ie reluctance of 
the saturated beeth could be rdied«upon in much greater degree 
to limit ^splackment of the reiulta,nt field. Further, it will be 
noticed mat it is due' to the excess flujf acting ^s a back flux opposed 

ito^e mail field that the toothy. saturation does actually cause a 
diminution in the total resultant, flux below the value,. that woula 
otherwise be ^iven b^ the field e,kcitation with teeth of constant 
reluctancp.* • ' 

t If /y = length of path in the '"yoke, from pc^e to pole^iMid ay is 
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the double csoss-section of the yoke (Fig. 321), the reluctance of the 
two paths in parallel is or if it^is known thstt aboiyiSOO 
^AT will be e54pended over the yokg in a complete magijeti^ircuit. 
whtn, say, the useful resultant flux is 300,000 per ffm. of •armature 
core length, tfee resultant reluctance for the nlain and armature 
fluxes after eliminating the area of yoke required to carry the* 
leakage flux is— 





1-257 ^ 
” 30(^0 


0-0063 per cm. 'of armature .core 



• • 

The back flux which the yoke will carry to equalize •the cross 

fluxef in the leading and trailing portions of the pole is then 


1-257 X 2 a' 
00063 


= 4O0 a' 

% 


If = 260 pe^ cm., since a' ~ d 260 X d, Ais becomes 
104,000 X d per cm. of core-length, which shows how great is the 
effect of even a smkll amoiuit*of shift d by way of balancing the 

fluxes. • • * * . * ^ c* 

Thu^ with the diamej;er of coijnmutation retained on the interpolar 
hue of symmetry, the arifiature Qfoss flux can affect l^e 
but only by.teason of its altering the magnetic state of the iron 
and thereby influencing the maiJ^ component field. ® 

§ 7. The resu^|$ftit flel4 with a forward angle of lead-^ia) mth 
• iron of constant rductivitv. When t1i5 armature is carpdng current 
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' without any angle of forward lead being given to tfoeArushes, the 
previW investigation will*have shown that the neutral line is 
‘ -advan^ ahead of the interpoljir line of S5nnmetry through som? 
distance aitS is by the same amount ahead of the diamete# of 
commutation, so tliat the coils short-circuited by the brushes in 
the commutation zone are moving in a more or less strong field 
of the incorrect sign, i.e. in a field which so far from assisting to 
reverse the curignt is actively maintaining it mite original directron 
before commutation. * 

•The effe9t of advancing the diameter of commutation forwards 
beyond the line of symmetry has therefore now to be considered. 
Let an angle of lead of A mechanical degrees or electrical degrees 
(= />A) be given to the brushes, the corresponding dista'nce through 
" which the diameter of com- 
mutation is moved ahead of 
the interpolar line of S3nn- 
metry being cx cm. mea- 
sured on the surface of the 
armature. It will be seen 
“from Fig. 322 that the ar- 
mature ampere-turn system 
then becomes unsymmet- 
rically placed with respect 
to the Cield poles, and that 
the two systems of M.M.F.’s 
are no longer strictly in 
quadrature. If the direc- 
tions of the currents in the 
armature conductors within the belt of 2A degrees, i.e. A degrees 
on either side of the interpolar line of symmkry, be compared with ^ 
the direction of^the current in the field-magnet wires which are on 
the same^ side of the magnetic circuit, they will be found to be 
opposed. - 

Now if the reJiultant field retained a truly symmetrical dis- 
tribution about IS, as sho^n by a dotted line in Fig. 323, i.e. 
if each line entered and leftHhe armature at the same distance 
on either si^e of the interpolar Jin^ of S5mimetry IS, an examination 
of Fig. 3^3 will show tha*> all lines outside the interpolar zone of 
2Ae degree's will have threaded thro^agh a number of armature 
ampere-J^ftrns dpposed to their MiTe^tion, and proportional to 2A4, 
for the Hie 10 ' = lOA = 90^-Af= lO'E, ^so that EOT - A, and 
E^B' = 2A. Numerically, thei^efore, these hack ampere-turns aje 

irr X 757^ eri^c . 2cx. It would ^then be justifiable to inmgine the 

2p loO * V ^ ^ 

armature ‘‘conductors within SA^ to be coupled dp, directly to form 
a belt of “ back ^mpere-turns ” on wch ijiagnetic circuit,^ leaving 



Fig. 323. 
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the remaining tirmature conductors to be coupled uj) into ^ belt 
of cross ampere-turns in strict quadratur# with the field amper^ums. 
\he entire number of armature coi^dnctors is thus (Jivided into two’ 
set» of ampere-turns as shown in Fig. 324, of \^hich the tqrmer or 
the “ back ampere-turns ” embrace practically the entire magnetic ( 
circuit and being in direct opposition to the exciting ampere-turns, 
partially demagnetize the field, while the cross-magnetizing 
ampere-turns have tiie^same effect as has been previously described 
» in § 4, twisting the resultant field round in the directiomof rotation, 
and weakening it at the leading pole-corners but strengthening it 
at the trailing pole-corners. If 0/ =:^ 90° - the^aximum value 



Fig. 324. — Back and cross ampcrc-turns of armature with angle 
of lead. • 


of the cross ampere- turns acting between opposite corners of the belt 
on a cross circuit would be — 


jz 20 ; 7 ^ o; 

* oronthehalfc,rcmt,^X,-^„. 


(141) 


' • JZ 

while the back ampere-turns X or in relation to a half 

magnetic circuit are — • ^ * 




AT, 


JZ h 


(142) 


The relative proportions of the two 9eis will depend on the angle 
of l^ad, and together in relation to ^•magnetic circuit they make 
up the ampere-tu^s of a current-slieet }ZI2p. ^ , 

Neglecting then any weak f|;inge eittering or leaving the !irmature 
within the double angle 2Ag, the J;dla? flux if it remained synufietrical 
would be that due to AT^ - AT^ acting on the single air-gap* teeth 
and core, and owing, to th« presence of the back ampert- turns *546 
amount for tjie same field excitation would be less than if there 
• were no l^d given to the brushed, * * ' * 

But the cross effect ot tRe cfoss amf^re-tums has not tatowi 
into accoiyft, and al^iough t^ie abo^fe division ^of the armature 


‘18 


dHAPTER klX 


ampere-turns is commonly adopted as a conveniertt basis for calcu- 
latiife: it does not truly represent the facts. Owing to the distorting 
■ effect of ‘the <fross ampere-turns the distance from the interpoiar 
line of symrnkry^at which any resultant line enters and the di^ance 
at which it leaves the armature are rendered different. It will then 
be followed from Fig. 323 that in proportion to the degree to which 
the resultant lines are twisted round into a general direction at 
right angles the diameter of commutation'^n the 2-pole machine 
^or so that the distance from IS at which any line passes through 
the armature surface is less on the trailing than on the leading side, 
the dumber of the true back ampere-turns of- Fig. 323 through 
which ftiey pass iS’pro^ressively reduced. Finally, if all th\5 resultant 
flux was twisted round so that it traversed the core right angles 
to the diameter of commutation or soflhat the lines entered and 
left the armature surfacv at the same distance from the diameter 
of commutation, there would again be no back ampere-turns. A 
closer analysis of the component fields on the true basis of the 
ampere-turns of Fig. 322 ('an therefore profitably be made, and 
first for the case of iron assumed as of constant reluctivity. 

Reckoning the armature ampere-turns from the centre of the 
current-sheet 90 electrical degrees from the diameter of commuta- 
tion, i.e. from a point c;^ cm. ahead of the centre of a pole in the 
direction of rotation, Fig. 322 shows that a greater proportion of 
the armature M.M.F. is brought to bear on'the leading portion of 
the pole. Further, if the zero line of tlie armature flux remained 
at the centre of the current-sheet, the area of pole-face over which 
the larger part of the M.M.F. would act would be increased. Con- 
versely, the trailing portion acted on by a smaller magnetic potential 
would be of decreased area. We thus meet with a second and new 
cause which would result in the leading portion of the cros» flu}i 
, being considerably in excess of the trailing portion even if the teeth 
were of constant reluctance. The same equalizing action that has 
been already described in § 6 (b) then comes into play ; the poles 
diverge in magnetic potential, and there is a shift backwards of 
the point of zero armature flux, while some back flux flows through 
the yoke,, reducing the resdttant total field. 

(^) With iron teeth of iJmying reluctance. When the effect of 
varying reluctance in tHe teeth is combined w?th that of an angle 
of lead’ both of the causes d^crfbed above S.nd in § 6 (h) unite to 
remfpite one 'knother, and the values of a', of d and of the back flux . 
are correspondingly increased. It thus results that for^the same 
^ -field excitation the total residtant flflx is further reduced byh the 
angle o|^le^d, but ^still remains, distorted forwards. ‘^Actually, some^ 
portion of the resultant flux may be sufficiently distorted to pass 
ttirougli some forward arni^t.ure ampere-turns, ,yet the bulk of the 
fjux is npt so rmuch displaced as' to up the diameter of 
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commutation*; Consequently on the whole there remains some back 
effect, although much less than is given by 2Al\ — ac. 2^’ 

^ It has been stated above that in the design of the gpn-eommutat- 
ing-;f^ole machine, it is customary to calculate jthe ampere-turns 
expended over*air-gap, teeth and armature core for the required 
normal densities as given by a symmetrical distribution of the mam 
field, and then to add the full value of the back ampere-turns 
ATp= ac . cx to obthiq AT^. The assumption thal all the useful 
• flux passes through such back ampere-turns contains httle error^ 
since only a fringe of weak density is concerned in the region covered 
by 2A or 2 c^. But the true back effect is over-estimated, add the 
approxinfkte accuracy obtained by the assiim^tfbn is only due to 
the fact tha?(! the value of a' due to both causes — angle of lead 
and tooth reluctance — is ignored ; tffe back effect of 2a' not being 
taken into account supplies a correction, atid the result thi^ obtained 
may actually be either a small under-estimate or over-estimate. 
The view of the matter above presented does not therefore possess 
any great superiority in practical accui^cy, but gives a more strictly 
correct account of what actually happens. 

It remains to be added th^lt with a constant armature current, 
if c'" be the distance of the neutral line (where the flux changes 
direction relatively to the armature surface) ahead of the inter- 
polar line of symmetry, the first effect of shifting the brusljes 
forwards is to increa^ the distance c'" as compared with itg value < 
without any angle of lead, but progressively by less than the 
amount c^, A maximum value of c'" is thus reached when the 
diameter of commutation has overtaken the neutral line ^nd cx 
= (^"max’ A ffirther movement forwards of the brushes, so that 
cx > o'", causes c'" itsjlf to move slightly backwards, and thus 
finatty the short-circuited coils are enabled to reach a sufficiently 
strong reversing field for commutation purposes. • ^ 

§ 8. The complete curve of flux-density over a pole-pitch.— (a) fhe mag- 
netic potential of the armature core. One of the two surfaces between which 
the flux density is to be found, viz., the cylindrical surfc.ee, level with the 
bottom of the teeth and slots, being at a magnetic potential varying from 
+ .<47’^ to ~ AT^, the first step must be to determine what value of this 
varying potential of the armature core will Correspond to any gi^en point x 
on th^ surface. • 

When the field is displaced under the tetTon qf the armature ampere-turns 
on load, the state of*saturation of the armature core# at si yailar distances 
ahead of and behind the'interpolaj lifte of*symmetry no longer rertiains the 
same, so that the centre point on the aftnfture core between Jhe pol^tips no 
«« longer falls on the plane of zero magnetic potential. Neither is the^satufa- 
tion of core symmetrical on either side of the resultant neutral line or 
plane of maximum flux , in thetarmaturg aire, so that the plaife of zel"^ 
potential no long^ coincides with the resultant neutral line. 

^ In some radial'plane ahead of the cen^/b of a pole in«the dir^tipg of rota- 
tion the resultant flux in the armature core bifurcates, and proceeding in 
either direction it grow* to a iftaxiflium on Ifte resultant neutral liflq whe» 
flux ceases to enter tlfc armature core and«bflgins to emerge from it. From 

+1Ia r^lariA nf ^ifiirnatinn ninrlor cai?# a 1\J IV*in J 'T 4.v..r. 
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total ampere-tuftis*cxpended over the core below the teeth against the direc- 
tion of the armature’s rotation up to a neutral ^ne or plane of ihaximuim^x, 
i\ in the leading portion relatively to the pole ; and let be tl^total 
ampere- turns expended over the core frim the same plan#, of t)ifurcation, 
but fifllowing the direction of the rotation up to the next plane of maximum 
flux, i.e. in the tmling portion of the circuit. If then Ji stands for half the 

^ AT -AT 

difference between these two values, i.e. for — , the magnetic 


potential in ampere-turns on the first neutral line must be -f A and on the 
secoi#i neutral line - h (Fig. 325). The potential of the plaije of bifurcatidh 
^ under the N. pole, whether ^t be reached from th® first or the second neutral 

line, must be the same, viz., AT^ = ^ ^ ^ ^ have* 


as the difference of magnetic potential between the bifurcation point*under 
the N. pol(4 and the resultant neutral lines on cithtr sidc^tne requirq^ values 
of AT^- h — AT^i, and AT^- {- h) = AT^-\- h = AT ^ 2 - Whether the value 
of h is itself ]X)silive or negative, i.e. whether exceeds A 7].^, depends 

upon the circumstances of tht case and especially on the degree of satura- 
tion in the core. In a non -commutating-pole machine, the resultant neutral 
plane of maximum flux is nearer to the leading ftian to the trailing pole-edge, 
and the flux is withdrawn more quickly as we proceed in the direction of 
rotation towards the leading pole-edge than in the reverse direction, although 
this no longer holds when the poles arc reached. If the core is not higWy 
saturated, the expenditure of ampere-turns -^T^^ corresponding to the leading 
section is then less than AT^^, although it may be very slightly. In a com- 
mutating-pole machine the opposite is the case ; the neutral plane is again 
nearer to a commutating than to a main pole, but so little flux is withdrawn 
by the former that the longer path to the next mai» pole makes A exceed 
AT ^2 appreciably, and the signs of h in Fig. 325 arc then exactly reversed. 

Hence, in a non-commutating-polc machine, if and AT^^.^ are 

respectively the ampere-turns expended over thg armature core from the 
neutral line up to any pdlnt on the leading and trailing sides respectively, ^ 
the resultant potential of the core at the point will be ± (A A) on *' 

the leading side and b [AT^.^^-^^) on the other side (Fig. 325 ; op. also the 
curve at the foot of Fig. 327 and column 8, Table XI). 

(&) The main field component. In order to detennine the radial con»ponent 
of tl^ flux in air-^ap and teeth, let -f A T^' and - A Tp' be the potentials of 
the pole-faces corresponding to the main field component, these values being 
slightly less than the result^it values -f- A and - AT ^ for the reason given 
•n § S (6). They are to be considered in relation to the cylindrical surface, 
level witli the bottom of the teeth, at its resultant potential varying unsym- 
metrically on either side of the result|nt neutral line wherefit is f h. The^ 
point of balance between the tendency for the main component flux to pass 
into the core from, say, a trailing N. pole-tip and the tendency to pass out 
of the cOure into the leading S. pole-tip thus no longer falls on the interpolar 
line of symmetry. The distance c' of this poii^t from the flailing pole corner, 
measured on the armature surface, must fall .short of the resultant neutral 
line or be on its trailing side, since the armaiure ampere-turns displacing the 
resultant field are at present left out of consideration. It will depend on the 
potential AT^^f-h of4;he armature core^uif.ace below the teeth and under- 
neath the point c', for, this must be deducted frem AT^' on the trailing side 
and added to A T^' on the leading sid^, as reducing or tncreating tjie differ- 
ence of magnetic potential acting fin the #ir-gap and teeth. , If ' be the 
^ equivalent reluctance of the teeth pei sq. cm. of path in th^air at >oint^', 
the position of that point is given by the relation * * 

,l-257m{^JV - l-2S7w'M7V+ (/»'/■„. -A)) * 

SI) “ f (2*1- c'H- + 50, 

• , • • _ t . • 

whence (if tlfb very small difference between m and m' is neglected) 

• • • • • 


(H3r 

(144) 
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The ^oint g', being the tangent point at which the componerft field flux just 
toucK^^ the cylindrical surfacer below the teeth on its way from a N. to a 
S. pole Dut /ioes not enter it, is thus found to have moved jigainst the angl^ 
of lead, i.f. to fatl short of the midfvay point g. The numerical value of- the 
flux from cither the N. or S .pole if each were acting alone is exactly the same 
as if the saturation of the core was symmetrical about thtf centre line and 
oR^p' was the reluctance per sq. cm. of path in the teeth, viz. — 


\2 S1 AT jf' 

^ , • f 

but its position is shifted away from the centre. # 

'' In the interpolar gap not far from its centre, JR^^' is entirely negligible as 
compared vMth the reluctance of the air-path, and the at per cm. length in 
the armature corovis nearly constant, since but little fllix is there entering 
or leavings the core, r Froifl a knowledge of the maximum flux derfiity in the 
core as due to the flux which each pole is to give, an estimate' can be made 
of the maximum at per cm. length in the core; let this, when reduced 
. mean diameter below teeth , , 

in the proportion - , — , be denoted by at. The 

armature diameter ' 

neutral line' in the armature core being set at about where is the dis- 
tance to which the diameter of commutation is assumed to be advanced 
ahead of the interpolar centre, AT^^' can l)c approximately assumed as 
a/' (c - c'-f- 0'375 Cj^). Substituting this value in the above equation, the 
value for c' can be determined from the data of design, as 


c-{c i- Klgli) 


0-375 . at' - h 

AT/-at'{c-h Klgl^)' 


In cither expression ,the last fraction is so small that the divergence of c' 
from c only possesses a theprctic interest, and in practice hardly needs to be 
, closely determined. 

The ifegative flux to the leading S. pole must now be made to grow at the 

rate™ for any distance x' from the trailing N. pole-tip up to c' , and the 

positive “flux from the trailing N. pole ahead of c/ must be made to grow at 

the rate ; from y' — 0 up to y'™ 2c ~ c' , where y' is the distance irom 
2c - c 

the leading pole-edge. But when the point c' is'^eft, we are justified, as in 
Chapter XVIII, § 3, in taking into account the actual potential of the core 
at the level of the Iwttom of the teeth, provided that the actual reluctance 
of the teeth, cR^^. per sq. cm. of air-gap' arc,a, is inserted in the denominators. 
Thus when we pass from a N. to a S. pole in the direction of rotation 

(Fig. 325), in place of AT^^’- h in (144), the potential of the core is h 

behind the resultant neutral line, and - h - A ahead of it. 

If x' be the distance of any'’point from the irailing comer of a N. pole, 
the component density at the ^armature surface duo to the main field 
considered separately will then be from x'— 0 to x' - c' 


, 1 V + {AT,,, ~h)} 

: L T iRfx ■ H2c - C') -p Klg -f JR^^ ^ c'] 


If y'= tjre distarice of any point ffcm' the leading corner of the N, pole, the 
main component is '.'roiii y'~ 0 to c - o'" 


1-257 


'm{AT^' - (AT„i -M) , 


*n'{AT/ ± . 

TIL A- cRjx ' , 


2c 


y 


and from y'= c- o'" to y'= 2c -o' 

< 

t 9 <n 7 r ^ ^ cxi~ ) 


c 


f^iA.T/-{AT,^ -h)J .p y' 1 
'qc' A- Hia A- ^C -c'\ 
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while under the pole it will be on the leading side 
ATJ - Mr„-, + h\ ^ 257 ^ 


1-1S7 1*'—^ or 1-; 

KL + S«,^ 




the side, 


the change occim-ing when AT. ,-\-h~AT. ^-}i. fCp. columns 15-17, 
Table XI.) 

(c) The armature component field. So far as the armature component flux 
is concerned, the core below the teeth may for simplicity be treated a*^ 
throughout at zero pote^itial, the further progress of the resultant flux 
reacning the cylindrical sufface below the teeth i)eing caretf for in the item 
AT^^. The latter as calculated should, strictly speaking, be relfrtcd to A Tp. 
and not to ATp', from which it has been deducted ; but the calculation of 
separate values of A T^^ for the main and aniiature components respectively 
would be unnecessarily tedious. Neglecting, then, any cxpimditTire o( 
armature Ampere-turns <fver the core, when armaflire'cJtnponent llflx eiitci ' 
the teeth at a*y point distant x cm. on the trailing side from tlie centre of 
the current sheet and pa.sses through some^of the ampere-turns, its potential 
is raised from a negative value by the M.M.F. ac . x so that it becomes zero 
at the level of the bottom of the teeth, and as it enters the teeth and passes 
through some of the ampere-turns to leave the surface at poiift y on the 
leading side, its potential is raised from zero by the M.M.F. ac . y to a positive 
value. The surface of one half of the two-pole armature is thus in relation 
to the armature flux at potential - [ac . a? - loss over teeth) and of the other 
half at potential + [ac .y - loss over tceth^ 

Now, if the bifurcation point of the armature flux indifferently into either 
a N. or a S. pole be supposed actually to follow up and coincide with the 
diameter of commutation, the difference of potential acting on the trailing 
and leading sides respectively would be ac . [YjT) a' and ac . [Y 12) ■ a' , 
which may also be expre.sscd as ac . [YI2 ± d). From the rciation 


m . rtc(F/2 - 1 - d) m' ' . ac[Y {2 - 

^[c \ c^VKl^ ^ ^[c-c^-VKl^ 

we have 

^ ^ y/2 

[m' -f m) [c -1 Klfl^) F m)c^ ' 


This would give a very large value for d or a' - ac . d, which acting on the 
yoke would far more than balance any difference in the cross fluxes. The 
bifurcation point c" therefore falls considerably behind c^, although in advance 
of c. The magnetic system of the armature flux tends in fact to maintain 
the Configuration which it would hav§ if the armature M.Mfl7. wen' disposed# 
symmetrically in relation to the poles. In spite of the fact that th* rise and 
fall of the potential of tlu; poles above and below zero, which increases the 
proportion of the M,M.h\ expended over the trailing side, also tends to 
increase the trailing fringe, this is more (hai^ off.set by fhc alteration in the 
two denominators as c" is increased. 

Since it has been shown that the bifur«ition piunt c" of the armature 
flux must fall behind but must be in .^Ivaiice of the inteiT>olar line of 
symrnetry, the relatit)n which determiufts^t is 


m . ac{Y 12 - [c^- c",) -j- d} 

Kl, 


whence 

•• [c + hy^) {d 


ac {•Yj2 - [c^ - c^) -dy 


-d)}: 


m;- m 




(145) 


(146) 


c" always has some ynall value, but in pra^ice it is so small that, »s in tl!e 
rase of c', 4 *only possesses a thej^retic interest. Under the action of the 
armature impere-turns. Is determining the final state df satmratioii in the 

• • « 
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teeth, while the tangent point of the main component field* fafls back behind 
the interpolar line of symmeti^'' very slightly, the bifurcation point of the 
.armature component field only advances very slightly foiyards. 

A preliminary and approximate ^calculation of the vaAue to be assi|pied 
to d may be made^by first assuming that there is no shift and taking 
ac{pYI2 4- as acting on the leading corner and ac{pYI2 ^ on the trail- 
ing comer. The density from the former, - , is practically determined 

solely by the length of the air-gap, the tooth reluctance for the resultant low 

acifiYI2 -f c^) 

delisity thereat b^ing negligible, and is therefore closelj = 1 *257 - 1 - 

The resultant density at the trailing corner will on the given hypothesis be 

AT^' 4 ac{pYI2 -c^)~A T,.,, -+ h) 

. ■ 

f ” * • 



By trictl corresponding values of cR#- and Bg" are found, and the armature 

component is then B^/ ^ B/ ^ ^ acHn'I'I -- r n) - A h h ’ 

then - B 'and B'' for the two corners and joining them by a line passing 
through a point ahead of the centre of a pole, after the manner shown in 
big. 326 the important part of the cuVve is determined, and the remainder 
can be approximately completed. The total of each of the two portions of 
the cross flux can thence be estimated, and their diflcrence foun*. the 
value to be taken for d will then be slightly less than the value which will 
pass the whole of the differencc'’as back flux through the yoke. 

Reckoning, then, cv and y from a point at right angles to the diameter of 
commutation-, i.e. distant cm. ahead of the centre of the N. pole, and bear- 
ing in mind that the N. pole-fa6c(’s ,Hself at potential a'=d. ac in -rela- 
tion to the armature flux, the component density at the ^armature surface due 
to the arnjaturecampeVe-turns is . , 

- l'?67 - on the leading side from y = 0 to = /?y/2 -f 

♦V r KlgA-‘^^i 

and 1-257 ^/^ on the trailing side fnim x 0 to x ^ pYI2 - c^^ 

Continuing, on , the traiVng side, if be the distance of any point from the 
trailing p3e corner, the flux-density is from x'—O to x'=c-\-^ 

' fn.ac]pYI2-c^+d^xJ ‘ t 

^X' + Klg '•f *■ 


1-257 
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On the leading^ side of the N. pole, if y* be the distance of any point frcyn the 
kading pole corner, the flux-density from 0 to y'= c - f i.e. ur^xo the 
mameter of coipmutation, is ^ 

''j “(1*^/2 Xcx~d-\- /) • • 

• ‘ • 

and from y'=- c - c^to y^ — c- o" , i.e. over the region between the diameter 
of commutation and the point of bifurcation of the armature flux into either 
pole indifferently, ^ . 

[Cp. column 18, Table XI.) . " 

(d) The combinaHon of the main and armature component helds over cucomplete 
pole-pitchm In order to^map out the spacial distijbulyo^ of the rc^ltant flux 
over a complete pole-pitch (the minor ripples in the actual curve at any 
moment due to the slots being supposed to be smoothed out, but* due account 
being taken of the tooth reluctance), aif approximate preliminary estimate 
must in the first place be made of the magnetic potential of the core below 
the teeth. 

Assuming a certain curve of the resultant flux density, tilted towards the 
trailing pole corner by the action of the armature ampere-turns, the gradual 
concentration or withdrawal of flux in the armature core leads to certain 
densities for which the at required per c^i. length of path at a number of 
points can be found. Plotting these values and integrating the curve on 
either vSide of the neutral plane (if maximum flux {cp. Fig. 302), the resultant 
expenditure of ampere-turns in the core in the leading and trailing sides 
respectively is and AT^.,. Half of their dliffcrencc is h, and adding 

this to the one and subtracting it from the other, a curve of the magnetic 
potential of the core can be plotted as at the foot of Fig. 327 or as tabulated 
in column 8 of Table XI. ^ 

A preliminary estimate of the back movement d of the zero of the armature 
component, so that it precedes the centre of the pole by the amount c^~3, 
must further be made, and both assumptions must finally be checked with 
the result until agreement is obtained. Column 10 is then given as a'“ ac . d. 
and column II can be calculated, leaving the differences of columr» 12. The 
sum or difference of the two columns 9 and 12 is written down as column 13, 

. ■ 1 , 1-257 , , , 1-257 m 

and its values multipliec^ by under a pole or by 

wi1;hin the fringe will give the required resultant flux density (column 19^. 
Within the fringe there must, however, first be deducted tjie back effect from 
the pole of opposite sign (column UP). • 

By reference to a curve such as big. 303 for the reluctance eff the teeth 
per sq. cm. of air-gap for varying densities in the air-gap, corresponding 
values for and re.sultant Bg are quickly found. T];ie resultant flux must 
in any case be determined first, but tluiroafter in the case of the two 
component fluxes, the smaller should be determined first to secure accuracy. 

Grouping the analytical expressions p^viously given and ^starting from 
c' v^ich is behind the intcrpolar line •'.ymmetry, the flux-density is 
from y' = 2 c - c' t<^ y' = c - c". • 

rm{ATt' + {AT-,^ 2 -h)} ,m. ac(^y/2 - + 2c*-/) I 

^ ^(&^/) i<i;+ ml ^ ^ 


"te 

m'{ATr'-CAT„,~h) 

fc' -f Klg -f- • 

from y'~ c - c« to y' 

'-m^^rl' + {ATg^,-h)-a^^A- o-cj^-d-»y)} • •• 

• fn' {A JY - {A Tgg.2 


» 

. c-c'" 


2c 


1*257 




b] 
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from — c- c"\ to y ~ c-c^ 

/ «■ iy'VKl,-+k~ 

_ + {A T,^, + i^ } y- 1 

4- Klg -f- 2c - c'J 

and from y' = c - to y' ~ 0 

■ r^n (A T/ - (,4 T,,, 4- h) - ac{^YI2 + c^~ d 4- y') 

■ L + 

_ fn'{A7y.\- {Ai\^, -I- h)} yi 
^ ^c' A- Klg A- 2c -c'J 

Thence un(^r the poK 

j. 257^ V“ (^^cxi + h)~ac{y-d) ^^57 AT^'- {AT^^,-h^Y ac{dA; x) 
and from the trailing polo corner from x'~ 0 to x'-~ c' 


r m {A Tp' - (A T,,, - h) + ac(/?y/2 - -i d -\- 
L ^ X ' 4- Klg 4- 

_ nY{AT^' A- [AT, ^,~h)) 

.^{2c-c')A-KlgA-^^hx 


It will be seen that owin^^ to c' and c" not coinciding, there are in the 
complete interpolar zone five regions. The apparent reckoning of AT^ and 
h twice over throughout the inti'qiolar gap arises from the approximate and 
empirical expression enf^loycd to take account of the counter effect of an 
adjacent pole, as if the field 'flux therein really contained two components 
■nOt following the same path and not therefore having one and the same 
denominator; the method confessedly does not yield a true physical expression 
for the magnetic potential function throughout the interpolar gap. 

In the above it has been assumed that the angle of lead has been advanced 
beyond the resultant neutral line in order to provide a reversing field forconj- 
mutation puq)oses. When there is no angle of lead, the armature ampere- 
turns acting on the resultant neutral line are ac{yj2-c"'); when lead is 
given to the brushes and rises from zero, this becomes ac{y/2 - (c'" - c^).} 
and reaches a maximum when = c'". But at the same time d is increasing 
and the counter effect from the oppositeMiiain pole decreases, so that is 
enabled to Overtake c'". After this point has been reached, if the angle of 
lead is further increased, the armature ampere-turns acting on the resifltant 
neutral line become aclYI2 - (r^- c '") } ; c'" becomes reduced and the diver- 
gence of and o'" progre.ssively* reduces the armature effect, so that the 
short-circuited coils find themselves in a reversing field of increasing strength. 
On the neutralCine, the loss of potential from reluctance of the teeth and core 
is eliminated, but the half differenco’/i ,'S still present, so (that the magnetic 
potential of the armature surface where the resultant flu.M’ changes direction 
as regards differing or Icc^ving the suiiface is - h. Hence, provided that is 
greater than c”', as.it should be for canmutiiig the current, the distance c'" 
for ai^v asstimed vhlue ^of is given by the relation 

fn[{AT^'-h)-^c{YI2-d-{c^-c'")}] m'{AT^\y k)' c-c'" 

" ” ^ i{c-c'") + Ki, “ . 2c-c'“” • *' ’’ 

a quadratic dquation whi&i can be solved for c'" when the known ijuantities 
are inserted ;vith an approximate t,alue for vw. ^ 

§ 9. Example of a non-commutatiii|-pole machine—Forthe 8-p(5l« machine 
assun^ed in Chapter XVIII, § 2, let the diai^eter of cbmmutation uader full 
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Hoad be advaiffcec! through a distance of 5 cm., i.e. as near to the leading pole- 
tip as would be safe, and ac being 260, ‘ the* back ampere-turns the 

^alf-magnetic ^circuit would be ATj^ — 5 x 260 = 1300. Thus'^for . 
=^“8100 and a*flux of about 280,000 iJer cm. length of ^ore,*the magnetic" 
potential of a pole-face without allowance for distortion, but reckoning 
at its full valutas ordinarily estimated, is approximately 

AT,, AT^ AT^ AT, + Al\ * - 

5720 4 440 + 375 4- 1300 = 7835. 

Proceeding now in dioser detail, the potential curve AT^ for the armature 
core must first be calcuTated, even if only provisionally^ from an assumed 
flux-distribution curve, after the manner described in Chaptt’r XVIII, §2. 
For simplicity, the final re.sults (from the curve shown at the fopt of Fig. 327) 
are here at once inserted, and the value's of A and AT, 2 are foi^id to be 
376-5 at^l 381-5, the mean being 379 and /; == 2-5 dtily. ^ 0-9 X 7r/2 

X 1-295 ^ 1-83, and*c being 6 cm., d A7^-*lf 98 -{■ 0-882 11-862, 

and c 4 6-482. Using the curve to obtain the values* of AT h h 

at different points, the thr^-e distances c", and c'" are as follows — 

(i) By equation (t44) c' --- 6- (6-482) --6-0-1 = 5-9 from trailing 

pole corner, and at this spot by ecpiation (143) the two fluxes from N. and S. 
pole respectively are - 


1-257(7835 - 125) 

1*257(7835 -1- 

125) 

1-83 X 5-9 4 - 0-882 

1-83 6-1 4 - 

0-882 

1-257 X 7710 

1-257 X 7960 


11-68 

12-(]y5 


7710 

7960 


9-3 ■ 

9-6 • 



830 . 830 • 

(ii) The bifurcation point of the armabire flux (equation 14(?) is given* 
closely by 

(r")“ ^ 

since and n4 are but little different ; wlu'nce </" . 0*17 cm. alftad of the 
iiftcrpolar line*o£ symmetry, and at this ])oint by equation (145) 

1-257 X 260 {22-5 -- -^83 f 0-5 } _ 1-257 :• 260 {22-5 - 4-83 - 0-5 } 

• ” 1-83 ;< 6-17 1- 0-882 " 1-83 x 5-83 4- 0-882' ~ ‘ 

1-257 < 4724 1-257 -: 4464 , 

12-182 • 11-532 

487 ^ 487 

(iii) Lastly, for the position of the resultant neiitr.i^ line (equation 147) 
1-05 {(7835 - 2-5) - 260 (22-5 0-5 5 -1 ?") } 7837^ ^ 6 - ^ ^ 

1-83 X (6 - U'd 1-0-882 • 11-68 ' 12 5-9 

wlipnce c'" = 2-44. ^ ^ • 

The complete results are tabulated in 'FaTile XI and plottec^^in Fig. 327. 
In the first line the .deiiominatoi* by which - 465f in column* 12 must be 
divided to givi^ 500 in column* 18 i»9^3 as given in the k^^t line of the Table. 
In the second line for the armatnre bifurcatif)n point c'* and onwards, the 
same denominator from column ^ can be used as tfie divisor for bom the 
armature and the main field differences of potential acting on j^p and teeth., 
the total flux of a pole is obtained^from Fig. 327 as 274,000 per cmr.'^)f 
armature coitjlength. being lc.ss than ihe prelintinarv estimate which assumed 
the back^mpere-turns due to the It^id of cm. t* embracf all*the flux, but 
in which no allowance wa# nnfle for inwreased tooth saturati^n^ under the 
trailing pole corffbr. The true ATp ^ ^T/-]- a'-~ 7835 4- 130 = 79w as 
compareef with the ordinal estimate of 7835 for the greater flux. 
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component fluxes and resultant flux. 
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The centre of bifurcation of the resultant flux in the armature core having 
advanced 4*5 tin. ahead of the ceiitreof the pole, as compared with 5 cm., 
the lines from the bifurcation plane pass thiough a minimum of ac x \ back 
\|rmature ampere-turns. The difference between the distance at which they • 
e^er and the distance at which they l<^ve the armature, «neasuted from the 
diameter of commutation, progressively increases ui^il the back armature 
ampere-turns dreaded through rise to. a maximum of about ac x 6^. The 
resultant flux therefore never passes through so many as ac x 2c^ baclf 
ampere-turns, or ac x on the half-magnetic circuit, but is actually 
over-estimated on that assumption when tooth saturation is ignoreji. , 

* * • . * 

Th?: Commutating-Pole Machine 

• 

§ 10. The total resultant armature flux not greatly affected by 
commu^ting poles. — In a machine with coijiinutattng pole§ (as many 
as there arg main poles) for the same reason as in^ 8 (a), tlie magnetic 
potential of the points of bifurcation of the resultant flux in the 
armature core under a N. and S. main pole respectively must have , 
the same numerical value ; the expenditure over th« reluctance 
of the teeth and main air-gap must also be the same under each 
pole, so that again the resultant potential of a N. and S. main 
pole-face above and below zero witt be the same, viz., Al\ and 
~ AT p. The similarity con^niies up to the seat of the salient poles, 
but thence, owing to the unequal division of the resultant flux in 
the sections of the yoke (Chapter XVI, f 14), the expenditure of 
ampere-turns in the two directions becomes dissimilar and the 
point of zero potenyal in the yoke is not ijiidway between two main 
poles, i.e. it is not opposite to the centre of a commutaUng pofe,< 
when the latter is excited. 

When no current flows in the armature and the main poles are 
excited, the ^commutating poles, if not excited, face the *planes of 
zero magnetic potential on the armature, and, the centre of the yoke 
op)osite the centre of>a commutating pole being also at zero poten- 
tial from considerations of symmetry, the commutating poles remain 
throughout their length in ttc central plane a*t zero potential 
(Fig. 301). But now, as soon as they are excited and ‘some flux 
passes up or down them, the ampere-turns expended over the two 
halves of the path in the yoke are u«equal in amount, and this is 
especially the case owing to one pa^li being more highly saturated 
and therefore of higher reluctivity tl^^n the other. In^other words, 
the potentials at*the roots of the eoffimutating poles must rise above 
or fall below zerq to some values 4- ^ - 6 as iijdicated in 

Fig. 328. . • • 

If 2<Ay is the reluctance of the full length path in tke angle 
sectiofl of the yoke f(5r eaual ‘division of the flux, and^y' andoK^^" 
^re the reluc^tances of half that l?ngth in the single section on t^e 
leading and trailing side respectively, ^ll„"*e^eeds 2i){y, 

and to tliat extei^: the (irigiiial totai flux is reduced. But, on the 
other hand, th^ additional path ^lesented by the commutating 
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poles and the more rapid withdrawal of the flux frcan^the armature 
corev with consequent shortening of the path therein in the trading 
section of reluctance tend to counterbalance the abov^'- 



i.Main and comm. poles excited! 
No arm. current. 



' -526 

iii. Resultant distribution 
of flux. , 


^ I 

mentioned change. If be fhe reluctance of thetsmgle'section 
of the aixnafeare cow in the absence of commutating goles, 

isdess than and s^me ampers- turns* are thereby saved. 

On the whole, the total useful 'armature flux (affbr dedqcting any , 
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reversing flu^c behind the line of commutation) is little different 
^om what it would be without the commutating poles, although, 
differently di^ributed. • • 

§" 11. (a) The main and commutating pole component field.— 

But the component field as due to the main and commutating-pole ‘ 
excitations alone and apart from the presence of the armature 
ampere-turns is of course greatly increased by the additional. path 
af^rded by the comnnitating poles, the iinal stati of saturation 
of the iron being presupposed in making the comparison.* The maim 
and commutating-pole M.M.F.’s are best taken in conjunction, as 
giving rise to a sifigle^component field winches now^o be considered. 

From the &ict that the flux is rapidly withdrawn as we proceed from a 
plane of maximum resultant; flux in the •armature core towards and under 
the trailing pole-edge, while it is only slowly withdrawn as we proceed under 
a commutating pole 2 Pnd the path to the leading edge of a m^n pole is of 
greater length, it follows that the expended over the armature core 

under the trailing portion up to the line of bifurcation is appreciably less 
than A expended under the commutating pole and leading portion of the 
main pole. The case is therefore the revise of that shown in Fig. 325 for 
the non-commutating-pole machine, and, when passing from a N. main pole 
to a S. commutating pole in the^ direction of rotation, h on the neutral line 
or plane of maximum flux is positive. The commutating pole being situated 
on the leading side of the neutral line, the magjietic potential of the core 
at the level of the bottom of the teeth beneath, say, a S. commutating pole 
is The negative starting point from which the reversing flux 

proceeds up the commutating pole is not therefore at*potential - A but 
at this amount less h ; <.thence the potential is rtised by the excitation A T- 
on -one commutating pole up to the positive value -1- at its root, Sufficient 
to pass the greater flux x over hHJ' (Fig. 328). The ampere-turns acting on 
the commutating pole, gap, and teeth are, therefore, virtually increased 
beyond the amount AT^ to A'I\ \- h, the number h being as it wer% released 
from the main excitation as mentioned above. If, then, be the final 
relifctance of tile commutating pole, the component flux passing up the 
commutating pole as due to the reversing and field excitations alone is 


X and y being the main fluxes from the system of main and commutating 
M.M.F.'s through and cR/ respectively. In this and the following 
expressions containing cR^.^,, a deduction from the pole ^‘Ction must bo made 
in order to allow enough iron to carry the leakage flux, i.e. JR^^ must be taken 

as its total reluctance raised in the proportion — \ . Since the final 

useful flux • 

density and saturation in the teetli undcr^the commutating pole are very 
small, cR^ may, in practice, be neglected. The quantity A increases 
slightly as we pass under the commutatiyg pole-face, but a.meaS value can 
be taken. * , • 

The potential w in ampere-turns at*thft junction of main»pole and yoke is 


§ 1*257 0 


where AT^ will've somewhat less than 4 and, is an averaged 

value fairlj; representing the varying potential of tfle core tfndet the main 
pole below the level yf the teeti % • 


Also • • 1*257 (a -I- 6) = jT 

• • 1*257 (4 -• 6) -y X SRv' 

8— (5065a) • 
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when^ie by addition and subtraction 

-|- y^y 

1-257 ^'2b+x^^y" 


• (15^ 

I 

. (151) 


Equating the two values of a given by (149) and (150) with the value fory 
in iterms of x and b inserted in each ^ ^ 


;r-y = 1-257- 


t\l + 






AT, 


-TJTT 


a,' 

'IK. 


X cHy 


(152) 


It will be noticed that the denominator is in a form representing the main 
pole and gap in series with the two sections of the yoke placed in parallel. 

Lastly, equating the two expressions for x~y as given by (148) and (152) 
with all quantities known or estimated except b, thC value of b is found, 
and thence x -y or x and y can be determined. Thus 


X = 1-257 4- 

(^y" ofty') T 4- ^^) 4“ cRy" X My' 

~ 1.2‘;7 + M y 4- M^) 

(My" 4" My'J (M^ -f My 4- M^) 4- My" x My' 


( 153 ) 

( 154 ) 


The value thus found, divided by (tt»^ 4* • fgr) ^ where is the width of 

the commutating pole^face and L its axial length, gives the density which 
when multiplied by gives the loss over tbe air-gap of the com- 

iAutating pole for the present flux system and enables A Ty^, the potential 
of the commutating pole-face for the same system, to be found. The limits 
of the reversing field can now be calculated as follows, and with these can 
again be checked the effective width {w^ -f Ki . Ig^) already assumed in the 
calculation of the density and of My^. 

In the interpolar gap between a mam and a commutating pole of oppocite 
polarity lies the tangent point c' at which the main flux just touches the 
armature on its way from the one to the other. The magnetic potentials of 
the main N. and commutating S. pole-faces, viz., 4- A Ty and - A Ty^ above 
and below zero q,re not necessarily equal numerically as in the non-com- 
inutating-pole machine, nor are their ‘Sir-gaps Ig and Ig^ necessarily equal, 
so that the tangent point c' of the main component flux from the field 
excitation of main and commutating poles will seldom occur at the centre 
of the gap, although, usually not far therefrom. The point c' must lie behind 
the final neutral line, since no a/mature ampere-turns are yet present. The 
potential of the core below the level of the teeth on the trailing side at point 
c' is, therefore, 4- A -f- h, siiice h is positive. 

The location of c' is then fixed* by the relation 


V257m{AT y' - -h) ^ 1 - 257 m'(4 Tpo' + AJ,,^ -f- h) 

‘ ’ ^ 

whence neglecting Mjy» 

_ r»{An'-AT, ,. -h){2c + K, . IJj )- m’ iUTro' + AT,,. + h)KlJi , 
,^Af;''-^T,-,.-h) + inyT~> + AT„7+hf^^ ' ' 

c M here^tiae distance measured ctA the surface^of the armature from a- main 
pole-edge to the centre of the gap between a main and u comnjutating pole, 
and c' is the distance from the trailing corner of ^he main pole*. When Ig^ 
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and Igf. are no1*faV different, so that m and m' can be identified, the ^Jx>ve 
expression reduces to — « . * 

{ATt’-AT,,.-mo + K^.hrlt)-lAT,o' + AT„. + h){Iil,l() 

c Z77+ • 

• 

The corresponding point c' ahead of the resultant neutral line and of the , 
commutating pole must now be interj)retcd as the point at which the main 
flux divides or passes indifferently into a commutating S. pole and a main 
S. pole in the next interpolar gap. It is given by 

* m {A T,o’ -AT,,. + h) m'(A T/ - A T,,. + h) * _ 

. Igf + ~ ^ • 

where c' is reckoned from the commutating pole-edge. ^When with a less 
degree of ?vccuracy ^l^c',is again neglected, appro xin^tgly the sec§nd value 
of c* is 


±h}(2^-i- Klglk) - + h) K, Ag,!^ 

“ + A) + f- h) 

(159) 

§ 12. (b) The armature component field. — Next upon the component system 
of flux from main and reversing excitations thus found has to be superposed 
the component flux due to the armature turns when current flows therein. 
Under the main poles the action is the safiie as has already been described 
for a machine without commutating poles. But a new path is now pre- 
sented by the commutating pole 3s shown in Fig. 328 (ii). Within the limits 
from a' through - 6' to - , or from - a' through b' to -1- A , the lines of the 
supposed flux follow the same path as the resuftant flux from main and 
commutating-pole excitation Upon these portions of the path must then 
be expended part of the ampere-turns which are linked with tlie supposed 
flux and which reach tbi'ir maximum on the diameter of commutation, i.e. 
from - A to + A, ii commutation is assumed to take place cxactlir under* 
the centre of the commutating pole. On this assumption the mean armature 
AT acting on one commutating pole are ac{YI2-wJ4). 

The equivalent electric system is shown on the right-hand side of Fig. 328 
(ii) ; here the passage of the armature flux through the armature core from 
-.^•to -f- is 9hown dotted to indicate zero reluctance, yet within the 
length AA* there acts the total M.M.F. averaging 2ac{Yj2 - wJA). The 
reluctance of the teeth undv.r the commutating pole being negligible, the total 
armfiture flux through the commutating poles and through the two portions 
of the yoke of unequal reluctance in scries in the absence qJ the main poles 
would be • 


1-257- 


2ac(y/2 - wJA) 


,+ 


liT 


2 


, - 1-257. 


ac{YI2- 


•«^c/4) 


(160) 


But the points now marked as -f a' and*- a' would not the^ be at zero 
potential, but respectively above and below JLto by an equal amount. Now, 
as in the non-commiftating-pole machiiib, ^he gross flux in the trailing half 
of the main pole fof a half of the armature M.M.F. would, owiftg to the 
higher saturation of the' teeth, b^ m^ch less than that in the lea&ing half. 
For the same reasons, then, as are giv3n fci § 6 (6) for the ncjji-commutating- 
pole machine, the potential of the N. pole will rise totfome potentiai -f*a 
and that ©f the S. pole fall, to - a'. • If c” be the distance from the corner 
of a,, main pole at which the aryiature fljjx bifurcates or passes iifffifferently 
to a^main or commutating pole, the maximum differences of potential acting * 
I on the trailing hnd leading portions r^lpectively of ^he air-gap and teeth 
Tinder a maUi pole are 1-257 ac(AYl2 -f- d) and 1-257 ac^Yft A- c"~ d) 
where d « a'jac. • • ^ , 

If the armature anflperes are now imagined to be gradually increased from 
:&ro in the jltesence of to^th reluctance, two results are seen to follow. As 
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the j^tentiala of the poles diverge from zero, a greater shate pf the magneto- 
motive force of the armature available to cause flux over the trailing path 
, of higher tooth saturation under the main poles. But as soon as the trailing 
cross flux peases fiP balance the leading cross flux, the excess'^of the latter oln 
pass from the point -|- a' through the path and through the commut/cing 
pole. The potentials 4- a' and - a' thus for each increase of the armature 
amperes continue to exceed the values that would be fouifd from equation 
(160) for equal division ; more than half of the commutating pole flux is 
caused to follow the path in the yoke and less to follow the path, 
and the difference exactly balances the difference between the leading and 
trailing portions' of the cro,ss flux under the main poles (Fig. 328 (ii) ).* As 
compared with the simple series system of equation (160) under which half < 
of the flux through the commutating pole passes unchanged through 
and cR,/' in series, the total flux through the commutating pole is always 
slightly reduced *wing to a larger proportion having to pass through the 
more sathrated por6iovi ol the yoke. » « 

Thus, as. contrasted with the non-commutating-pole machine, a shorter 
path is present to carry the excej>s cross flux which does not have to pass 
through the entire yoke. The commutating pole is itself called in to redress 
the balance of the cross fluxes under a main pole, E^ven though the air-gap 
be smaller and the tooth .saturation higher in the commutating-pole machine, 
the amount of the backward shift d or the value of a'== d . ac xa but small, 
as in the non-commutating-pole machine. 

A similar analysis to that of § 1 1 (a) can thus be made for the purpose of 
finding the potential a' instead h. The potential V (in ampere-turns) at 
the junction of commutating pole and yoke is for the armature system 


V = a£(y/2 - wJ4) - 


where x' and y' are the fluxes through iKy" and cR^' respectively and x' + y' 
is the total armatur^ flux through the commutating pole. Also 

^ t 1*257(6' -f »') = x'cHy" 

1*257(6' -a') - /iR/ 

whence ^by addition or subtraction 


h' = 

1*257 x 2'' 


andy' 


1*257 X 2a' X .rcR ,, 


Equating the two values of 6' as given by (161) and (162) with the value 
for y' in terms of x' inserted in each case, we have— 





Further** (Fig. 328 ii) 





1*257 

1*257 


a f{YI2-wJ4 )*-a' 
cR. -f- cRj' 

ac{YI2-wJ4i) + a' 




( 166 ) 
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and, lastly, z* must be equal to y'-}* so that 
x'-y'~ w'-z'i- 

^ Equating the two .values obtained foj x'-y' from the |bovef we have 


“i 


1 -u 




r 




"xin 


^c{YI2-wJ4) (oR/'-l- 


-cfi/)- a'(cKj,''rl- ^/‘'+ 

") (91/+ eft/) 


(167) 


OXf 

The values of w' and z' are calculated exactly as for a non-comn^utating 
pole machine upon* the assumption of a certain small vjMue of d (probably 
less than 1 cm.) or of a' •- d . ac. The values, then, t<5 1ft taken forJftj,*+ eft/ 
and cft.'' + for insertion in (167) must be such that when acted upon by 
the full maximum M.M.F. of 1-257 ac. YJ2 plus or minus d, the fluxes w' 
and z' are actually obtained? • . . 

Inserting the known or estimated quantities, the value to be assigned to 
rt' or to d'= a' lac is found. If the value first found does not aglrec with the 
value assumed in the calculation for w' and z', the shift (/ must be adjusted 
until its value and that ol a' = ac X d satisfies all conditions. 

Then , / 

c® •' eft •> 


ac{YI2 ~wJ4)-a' 


x-\- y 


-- 1-257 


y 4~ gfty^ 


-ift, 




(168) 


The present denominator is, therefore, in a form representing the two sec- 
tions of the yoke placed in parallel, but now in series with the commutating 

pole and gap. ^ i. i.- ^ 

The number of ampere-turns expended over the air-gap of the commutating 

x'+ y' 


pole by the armature flux component therein is 0-8- 




(w;+AV„r)i.' „ 

and this number deducted from ac{Yj2 -ivJ4) leaves a remaindc'r 
whixh is the magnetic potential in yl T of the whole of the commutating pole- 
face relatively to the armature surface, so far as the armature component 
flux is concerned. 

The component flux density will ri.se to a maximum at the centre of the 
commutating pole with the given position for the diameter of commutation 
and will fall towards the edges. Bu# the bifurcation poinf of the armature- 
component flux into a main and commutating pole respectively is flow given 
by the relation 

ac (j3y/2 1 d + c") _ ac{pYI2 -f c") - A 

^c"-f -1* 

-f- d applying to the trailing edge of the main pole and - d tew the leading 
edge, c" being in each case reckoned fronji^hc main pole-edge. It will be 
found that the bifur^ition points c'* are^gain usually not far from centre 
of the gap, so that there is not a great dUTerence in the values o^m. 

Thence if is neglected • ^ ^ 




+ - 


AT, 


ac 


‘.2? 


±d c-f 


/; 


(170)' 


With the value for c" ^hus fo«nd vnay agafcft be checked the valuft assumed 
for and fqr but usually ^h^re will be no great difference at 

between the* two cases of the ma^i and armature components. 
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1^13. (c) The resultant reversing flell—Groupin^, ^therefore, our 
results it is evident that tlic actual magnetic potential at the root 
'of the cotnmi^ating pole mu^t assume the intermediate va^ 
b - b\ ad(^ from t^^e previous expressions this is equal to 




’)• 


equal 

.where X-^x- x' and Y~y -i-y \ This again 


is etpial 2 

length of Uie path in the yoke between two main poles, i.e. the 
longtlf of path ^between a commutating pole intid a main pole. 
Hut in falculating th(;*two values for /'(/^y)* nr the at |X'r cm. of 
path in th'e yoke, it must lx; remembered that if the fall section of 
tlie ycjke lx* used there; must bt; added to K and Y in each case their 
proportionati; share of the total leakage flux.* b'inally, therefore, 
the net resultant reversing flux is 


.. 1-21,7 '' ■••'Cv <'‘(V/2.-,(yi) 

• . . . (171) 


It will Ix! found* that the dilfereiice in the saturation of the two 
.sections of (lu* yoke may very appns iabl)' lowiT the reversing 
held that might otherwise be eypeetixl. 

If c''t bo th(' (‘stimate<l Ksikage piiineance in relation to the 
interp(Xar .MM, I*'. 1-257 .17',. • 2 of llu' main ]x)les wlu'u the 
commutating poles aia- prest*nt but unexi iti'd, tlu* le.ikage permeance 
of the commut.iting pol«‘ in relation to its.M.M.lv 1-257 .*17, .r will 
be, as stated in ( Inipter XVI, § 14. about U o'Y 'riience may be* 
^estimated and the leakage Jluxt's per main and commutating 
pole respectively. Of the latter only about Jths should be reckoned 
as jiassing effectively through the yoke path. Hence if be the 
useful flux jH'r pole the last term of the numerator 

of (171) becomes 

t 

• ... (172) 

wfiere is the do*uble cro.ss-soctiou of the yoke. 

The quantity h-ATf,^ is vf the order of - 100 AT in not;mal 
cases, but if not assumed in tl>e first instance, it c&n provisionally 
be apprbxiitiated l)y plotting ab assumed flux-density, curve and* 
♦henco Calculating such a cufve as th!it sflo\^’n jfc pie foot of Fife. 329, 
the gradual concentration and \vthdrawal of the *®ux in the 
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armature core# being taken into account and the progressive • 
expenditure *of AT over the length of jath therein l)€ing calcifialcd 
steps. 

calculating the width of frii%e peripherally ^f the*revcrsing 
field in order^to determine the effective area md it must be 
remembered that, strictly speaking, on one side half of the values* 
of Fig. 253 should be used ; on the other side, Ixdween a main and 
cc^imutating pole the same |X)]arity, half of the values of Fig. 254 
is more appropriate. * In each case the mtio r//^^^may provision- 
ally Ik? taken as the abscissa, as will be shown later. Knowing tl« 
density at whiclut is intended to work the iron of the cbmnuitating 
pole, an^jstimate mu^t be made of its reluct r^ce^ugdli an ajiyroximate 
assumptioi^ as to the total flux, useful and leakage, Uuough it, 
and this reluctance qiiist thcn.bt' raised in the proportion 
total flux useful flux to give • 

It is then iH)ssil)1e by giving increasing values to t« determine 
quickly the point when ecpiality of the tw(» .sidis of cfinatiou (173) 
is reached. 


4 , X 

1257 


AI\ I- (I, u’JA) f 





J ^iT </v 


§ 14. Example of a commutating-pole machine. -In the example 
now' to be (onsidered. the ]K>le'pitch is 45 cm. as in § 9, but with 
ccyumutating^poles added the pole-arc ratio fi is reduced to 0 (^. 
The polar arc is tlierefon* 30 cm. and tb(‘ width of the commutating 
p<Je-far(‘ is ir,. -• 5 cili., leaving ga{)s of 5 cm. between main and 
commutating poles. 

• 

Kl, M X 0-635 - 0-7 cm. 

Kr.Lr l lf> X 0-38 0-44 cm. 

« 

and the angle made by the pole shoe tips with the armature is such 
that in each case | 1-7. ^ • 

ac is to be 30(J ami>erc-conducrors per cm. of periphei^, so that 

ac X y/2 - 300 X 22-5 6750 ‘ 

ac(YI2 ~ wJA) - 300 (22-5 - I'25) - 6375 . ' 

If,B, ^ = 9250, ATI X 9^ x 0 7 - 5175, 
and from Fig. "302 ATf ^ 1290. ^ ^ 

The flux under the main pofc would then be 9250 x 30 777,500 

^per cm. axial* length of armature •core, i.e. 277,500 L, and for , 
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• convenience in wliat follows, all reluctances and flux«s are expressed 
in tefms of L after reduction their equivalents per cm. of armature 
. core len^nh. Without any commutating poles, the interpola^ 
fringes l)gl«wet^n fnain poles would add on about 20.’0(X)i, making me 
total flux 297,500 A. This amount is approximately ^o be retained 
'as the maximuin in the armature core, or 148,750 L in the single 
section, and tor this a preliminary estimate gives /I — 355, so that 
AT,r\ AT^ \ Al\r --ATr would then be ^175 -f 1290 -f ^5 
-- 0820. But hi this no» allowance has lieeh made for the loss of 
fhx by reason the difference in the increase and decrease of tooth 
reluctance under the trailing and leading portions of the main pole 
respectively. Iftjii.'j bg 13,5(X)A, when cm. ainj ac x d 

- 180, A l\. lufCoiiK's 0820 f 180 - 7000, and the actuy.l flux from 
a main pole will then be (297.500- 13.5(M)) L 284,000 A. The 
loss is, however, more than made good by the flux from the commu- 
tating pol(M)f the same polarity, so that we return to about 297,500 L 
for the total flux in the armature core, although all of it will not be 
available for tlu! production of h'.M.F. owing to the diameter of 
commutation being ahead of fne neutral line or plane of maximum 
flux. , 


Finally A 'l\ - 7910 , 
and ATf ■ 9805 

although according to tl^? circumstances of tli^; investigation these 
tnther remain to lx? calculati'd to meet the re([uired values of 
and or are assumed known when the actual values of the fluxes 
are to be determined. 

(a) The resullant reversing field. First, to calculate the net value 
of the reversing flux for the immediate j)urpose of determining flie 
average density of resultant flux in which the short-circuited coils 
are moving. 

• The leakage ftux is estimated at 75, (KM) L, so that d),„ d)„ -f- 

(284,000 1 75.000) L - 359.000 I, and at a normal density of 


15,000 without unequal division of the fluxes in the two sections 

r.i 1 . , 1, . 359,000A 

of the yoke m series, its double cross-section mu.st be | c = 


24 L sq. cnf. The half length of path between two main poh^s or 
the length between a main :ind*ii lommutating polb is IJ2 30 cm. 

The ratio c//^,. being 2-5/0s^8 for the effective width of 

the two fringe^ of the commiF.ating ixfle will lx? taken — 


3 X'0 33 ^ M4, and the width Wf. being 5 cm. the area of the com- 
mutating pole air-gap if the pole is given the same length' as the 
armature core will be 614 L. is then 0-44/614 U — 0 0717/z.. 
For h - ^r^i^will l)c '.aken the figure - 80 as finally cstabhshed, and 
AT^ being assumed as 7910t the known quantities are AT^ A- 
(h-A - ac ( y/2 - «',/4) ^ 7910 - 80 - 6375 — f4v55. 'Reckoning „ 
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<l>ir as 0-75 =» 56,200 L, then by equation (173) per cm. of 

, . 0*717 

Vrnature core length x 


^rO-S? = 1455 - 30-3/' 


Trial with different values of f;ives e(jualily when 


<l>, -4 12.,S00 

I2,I(K) 

/V' 17,240 

• • • 

I2,65(J 

• 



431 

8 


• 

diOcri'nee 3S- 1 


A r .4= 

• 7- IS V 

30-3 217 3S 1 . 

PS .S26, 

Therefore ait 

■ gap .17’ of ronuniitating pole 


AT,, 4 

12,50() X ()-S7 

-712 14SS 217 

t 

S2H, 

and tile average 

density of the rc 

‘snlt.int rcv(‘i .sing flux 

- 12,SOO/6-14 


- 2040 . 


(h) The dutnhiition <n-cr a complete pde pitdi. In ordiT ei in.i]) t>ut the 
.‘ijMciiil of tho n-sultatit flux over a idn^tlrlc h (wiUl 

ri]>pk-s snvKttlicd^mt), a preliminary raU ^iatmn must Ik* made, as in 
( hajUer XVIII, § 2, of .*17,., and .17,.* f"r an assurm'd resultant Hux wave, 
Ix-t it lx; suppos(‘d that on the leading and trailing; sides resixu tivdy of the 
neutral plane of maximum flux in tlie armature core .1 /y, 4(vt and A 
— 240 (the values subst'ipiently I'tablislied are here at once inserted for 
simplicity). The mean value is ilu'rehue A I). - 302. and h 122. • Plotting 
th<«i such a curv^ .is that shown at the foot of I'lg. 320, whu h to an apjiropriatc 
.scale will also serve as a f^uide for other normal m.a< hin<‘S, and assuming 
A'jy to remain at 8820, 4fme the s.ime value for is approximately to lx; 
rctaineil, the values of Aiy~(A l\j.f h) or <d .1 7 p' A l\j., h can Ire 
written down for small intera'als as in Table XII (columns 7, 8, 9). Allowing 
some small value for d or ar. ■; d (viz.*f)-8 cm. and 0-8 ,< 30(J 180), ac( V’/2 • 

X :\ d) can als<r l)c written down (columns 10 and 11). Thence by the same 
proceclure as in § 8 (r), the wliole of the main jHjlar area is l overed up to jxrinta 
midway Iretwcon m.iin and commutating polrs. 

Some value of d has aUive In'en assume*', so (hat Vdore going further 
this must Ik? checked. Plotting the two component fields (d Table XII 
(columns 17 and 18) for the polar arc up t<f the midway points Udween main 
and i^ommntating poles, and summing up tl«L‘ two fluxes s<;paratT;ly, the main 
flux IS found to lx* 'A7,fM)0 per cm. lengflitd arjnature core, and the cross flux 
on leading and trailing sides re.sjrectively to Ik‘ w' -■ (>0,.S0() and »' - 47,000 
(Fig. 328 (ii) ). The shift of the diyiditig line Ixdiind the centre of th? pole Ixing 
taken as d 0-6, the maximum anij)fre*turns acting on tly two perrtions of 
the air-gap area are for our present purpose 8375- Itjp - 6195 and ^37;? -f 
180 = 6^5. Consequently* the apparent reluctances are 


and 
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1650 


1650 0 

1350 

1 13.50 


• 


• 

j 

j 

I 07 , 

ig4teo 

100) 

- 3510 2785 

! 4 25:f0 

- 255 

3 65 4«0- 5S6 


1 



•> — - 

725 

1 • 



• 

2-3 





$ 

- 1205 0 84 

* • 


t 13,180 

• 

U 10,310 

1 • • 

-2870 

, 770 • 



1-15,570 

i * 

14 13,380 

-2190 

i • 

- 32< 

1 


] j- 15,400 

4 14.473 

1 

; , 927 
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CHARTER XIX 


while a;' z' 80,500 47.000 l3,fH)0 ~ x' - y'. The useful flux of a main 

pole ^wing 1197,000 13,500 283,500, diffcrinj? but little frofti the previous 

preliminary estmiate of 284.00i>. the corrected value is here inserted, and^ 
from the i)n^vions calculations we have ^ ^ ^ 


V 

1-2^7 A 43-1 /,30 
141,750 i 8250 

1.257 / 1293 ^ 

IW.IMMI 1 

.sum ^ - 0 01322 

'V 

1-257 8 / 30 

141.750 62.S0 

1-257 c 240 1 

.a/ , 0-00222 

13a.500 ^ 

i dilf. - 0-00878 

CP 

OO-'M 

12,500 “ sum 

: 0-00185 - ^ 

cH 

lence 

«C„,I , " "717 

1 0 0218 0-0935 


My 

ecjiiation (187)c. • 

f 



1 ■ 4 - 0-09351 

'• 1' ' ( 

/ 0-00878 \ 

0-01322 / ’ 1.3,500 


0(i935 ( O-OOIHS 


1-257 


whem (5 a' I HO in a^;rrenienl v\ilh the assumed a' d ■ 3t)0 0-0 300, 

so that we may 

h’eturiiinjj; lo the mam ((.inpom nt li<'ld, lh<' true n'luctanee of i^^ap and 
teeth per ( in. teiiylh of core, when the jioOmtial of th*' con* Ix'low the teeth 
IS re( kom-d iis umlormly 315 instead ot at its <n tiial value which varies 
slightly, IS 

1 •257(0820 345) 

-JW.ooo 

The calculated leaka^i flux per i m, heiny 75.000, and the resultant flux of 
a main poh' hein^ about 297.000, the .1 /' re(|uired o er it is re( koned to bo 
21tl0. 1 he relintame of the mam |Hilf to the useful (lux per cm. len^dh of 

armature core is lln'iefote 




1-257 2100 

297,000 


0-(i09 


so that 

d',„ I 1 0009 i 00275 

'rheme by etpiations (118) and (152) 

0 1 Iti 


7830 h 
0-0935 


1 . ( 

001322) 


(9805 345) 


0-00878 

0-01322 


0-0385 t 0-00185 

b 788, 

My e^iuatioys (153) and (154) ' 

V 19(?,000 t f V 

V ,* 101,000 .1 - 


297,000 

9v5,000 (l-ifj 326(1)). 


The potential i)| the < <>niimitatinK' face -17^/. so far as the main field 
s coiH'etjneil. can now J)e calculated as 


95.000 \ 0-0717 
I 257 " 

: 5400 i 80 


I 7 fjft 
54v80. 


Hy substituting the varying v.uues .4 7^,1 -A, the main reversing flux 
density under the commutating jX'V :s completed as shown in Table XII. 
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Similarly fo^trfe armature flux, from equation (168) 
000868 \ 


x'-i y 




6375 - 180 


00149‘jy 


)• 


- 82.500 


O OOis f 0 00185 
and since at' - 13.500, 

x' 48,000 y' 34,500 

82,500 0-0717 

1-257 . 

6375 4700 l«i75 


(K,, 


Thence 


A 6375 


and the armatun* flux density under thr «^t>innuilatin^ }>ole is eo’inpleO il from 
columns 10 and 1 1 of 'fable \l 1. In lli<- y.i]) 1 m 1 wren .i nia#ii and i omfluitatmn 
pole of ojf^X)Sito polant^', the bai k elfect from th^ oj’^u^iiK is*taken into 
account in tl»“ same way as m § 8 (/<) and as shown in » olmiin 15 . 

A commutaliny ami a mam poU- of iho^sami- siyn teall\' Iona oiu‘ la id, but 
the bifuic ation of the flux eifables a cmtaiu ]>ot(iou ol it to b.- assigned si'pa 
rately totlie eommut^tin^; poU'. 'fin- limits of tins t ominnlatnii; pole lield lor 
the main and arnmturo (omponeiits respei tivrlv, .is lixcd i>\' i ' aful < .ire not 
necessarily coineidenl owin^ to the ilitfrrent v.iliiesof tJie pob ntial ddlerem es 
aiding on the air-yap in the two i ascs, .ind for nriiln'r eoiii]>oii( at is the friaye 
on the two sides of the eommiit.itiny )»ole edK<‘«j)rc( is<‘ly e<pial, la the ease 
of the main lield, the latti-r diveryem e is 8u<- to the (.at ili.it one wiliie of t' 
Rives the tauReiit point ln-tween a main and i <aiimiit.dmR pole of oji]>osite 
siyn, while the other v.ilae of (' ^ives the bilunatiou juaiit 1m tween a mam 
and coiumutaliiiR j>ole <d the s.um- siyn. Thus by eipi.ition ll57) if A I 
Ik* estimated at 54(K) . 8t) 548d, the former \*diie of (' is 


l'()4(6820 17d) (5 ) (I'iSt)) MM) (518(1 ^ I7ii,, O il 

^ 1-04 6650 ■ .5(i5y 

2 7 cm. from the trailiiiR edye of a mam p<»l<‘, or 2 if cm. from t4ie 
edge of the lommutatinR ])ole, .ind the (ompoiieiil m.iin flaxes thereat are 

1'257 • 1-04 - 6650 8700 7160 1 257 .5650 

^ 1-7 I 0-7 5 29 4-35 1-7 2 3 \ 0*14 

But the latter value of i' is by equ.ition (159) 

• , M)4(548(r 24.5) f.5-41) 0-99 (6820 245) ,• 0-2.59 

^ 1-04 ; .5235 • 0-99 6575 

2-34 cm. from the edye of the lommafatiaR pole. * 

In the aise of tin* armature (ompoaent field, the diverReme lK-twe<n the 
extent of the fringe on the two sides of the « ommiit.itmg pole only arises from 
the different signs •»! u' ac / d m the and S. m^ia ]>oles respectively, 
and is ecpially small. By equation (169) if .1 / 1675 

c* - 2 cm. from the edge of ftie (ommut.itmg pok* 

, and 2-09 cm. trailmg 

The fringe of tlw; main field from the (oiftmutating jiole is tjrerefore the 
wider, and actually tlu* resultant \^idth*of frmgi- has Im-c a ov('r-*stimaled in 
the figure 6-14 for the effective^irea, ^ut in general the nositions of c' or c" 
do not diverge greatly from midway In twei'n jKile and pern*, so that for sim- 
plicity Jhis approximation may bj; adopted in the ifl-eliminary e.alfulations. 

§ 15. Shaye of the flox-densit/ curve under load with ootnmif- 
tating poles. — The final sparial’distribution .sho\^i in 329. 
The dip in the result ant *105^1 ng ?Aix density at the a‘«tre oi the 
commutating pole is simply duc*te» the armature amixTe-turns 
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having been .taken to their maximum of 300 x 22*5 6750. 

^ctually, if commutation proceeds prqperly, the apex over \ht 
zoae of the sho^t-ci^cuited coils should be rounded off (r/). 318), 

ancrthe average value of 637S might*in fact give theVioreVcurati^ 
result. The resultant potential of the main fole-faces is 6820 
-f 180 = 7000, and the total AT on each of the main poles is 7(^ 
-f 2100 + 7000 - 9866, where 766 - J (1293 f 240). 

'lihe useful flux of 4 he two machines above investigated in'tj§^ 

• and 14 is not greatly different, and the dinu’nsions oflhe armatures 
and slots are the same. But while in the non-comnmtating-polc* 



* Fig. 3IK).— Flu.x-distribution turves witli t oiuiuutaliiig poles. 
^ (After Kczelnun.) 

(а) Artn-klun; aiul amimutatiiit? poks with full k^tl atnjx ro luins. 

(б) Ditto with nuiti ]Mks also rxcikU. 


machine the angle of lead has been advanced to tlic fartliest limit 
of safety and a reversing density of 889 is s(‘curc^ with ac 260, 
in the commutating-pole machine with sP lesser main held excitation 
a reversing density of about 1000 at tlie lowest has been obtained 
with^c raised to JOO. • * 

The shape of thg flux-density cufve round the arrnatur^ surface 
of an actual machinemnder Ioad,is shown in Fig. 330 (a) snd (6) ; 
here in (a) the main field poles ‘are unexcited, antj the full-load 
ampere-turns of the commutatyig poles have llfeen grouped* wfth 
the. full-load armature kmpere-turijs so as to reproduc* the net 
reversing field, and the armature erfss-flux. In (b) the main poles ' 
are also fully excited. Tlie depression in the cefltre of !!ie leversing 
field was in this case duft td the J^ning of a slot fa<!ing the 
aommutatii^ pole. • • 
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CHAPTER XIX 


^ General 

§ 18. Limiting value of ampere-conductors per unit length of 
circumlertjnce armature. - One of the two important quant^ies 
that deterniine i\^. necessary dimensions of a machine for a given 
output is the value of ac or the ampere-conductors per unit length 
of circumference of the armature. Although not a constant for 
machines oi greatly different diameter, e.xpericmce proves that there 
is a certain Uniting vijliie for each diameter l)eyond which ft is 
^inadvisable to push ac - JZjTrl). I'ig. 331 ^ shows that as the size 
of the armature is incn*as(‘d, tin* limiting value of ac approaches 



Imo. aai. v;ilu<‘S ai\ 

a ct)nstan( inaNiininn of about 9(K) amjXTo-conductors jh-T inch 
or 35d per centimetre of cm mnference in large machines, the shape 
of the curve being not dissi^uilar to that for the limiting value of 

„„„ (I'lft, ant). . 

The limitation to the qxumiSsiblc value of lic arises from the 
combined ettect of three causes: (1) heating, (2) distortion of field 
due to armature reaction causing loo high a voltage to be generated 
Ix'vwoen adjacent • sectors (c/>. ( hap. X, § 13), and (3) sparking. 
With tho. lir.st and third we are not here immediately concerned, 

' but in regard to the first it nii'y be jwinted out that with larger 
diameterc it Cs the jxissibility of using within certain limits a deeper ^ 

* Cp. an analogous cur\’e giving the estimate of Dr. R, Pohl, Journ. I.E.E., 
Vol, 40. p. 242. 
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slot (Fig. 20a) without reducing too much the section at the#oot 
the tooth that enables the volfime of armature copj)er 
to»^^ increased e*'en more than jn proportion thc^^incroased 
diameter. ^ • 

The sparking limit in the non-romimitaling-})ol(‘ machine will 
1 k‘ further discussed in the succeeding chapter, and is in fact (vlosely 
connected with the reaction of the armature amjxTe turns which 
appears as the secohd ^cause. In tlu* coipmutatinj-jH^le machiiu' 
the restrictive effect from sparking is largely n-moved, and th^ 
heating limit iH'coines die more important. Ihit \\ith-or without 
commutating polfs, even if the machiiu- o|)erates s^)arklessl/, lugs. 
327 and ^129 will ha^e shown th.it under tiu' trailing jx)Ie-ti]> the 
Hu\ densit^'^s greatly above tlu- average. Hence, as a coil jiasses it. 
the F.M.h'. whidi it gei^^atcs is jiroportionatch' high, and the 
voltage betwet-n tin* si-ctors that form its t iids will gns^tly exici-d 
the aver.ige \'oltage, and may e.xceed the pi-rmissible limit, when 
the machine becomes liable t<» “ fla'-h over.*’ With IIk- iiuri'ased 
number of anijx re-condiu tors prr iin^t len|;lh of amiatiiK' circum- 
fereiua- that commutating j)oles permit, the d.mger of this happening 
would lie greater, were it not Tor the fact that tlu- jxtiar an' is usually 
less than in the non-commutating pole machine 
§ 17. “Flashing-over” at the commutator. Wien .hsPation of 

the fu'ld h-ads to the v<»ltage Ixdwi'cn .idjaccift st‘< tors Ua'oming 
unduly higli under tRe trailing half (»f the*m.ain ])oIes, they und<*i; 
sudden changes df load tlte eommnlator is liable to " flash 
over ; ar<‘s Icaj) a< loss from sei tor to sector until tlicy sjiaii 
from a to a 1 bni^h arm, or j>ass almo^l dins tly ai ross between 
bnihh arms or^o any bare metal ])ails in <iiher l asc ]>raetirally 
sbort a ireuiting tlu* atynature and pinb.iblv <lam.iging both corn- 
nuKalor and hnislugear. d'he m.igneti* leakage lield blows llu^ 
arcs outw.irds along llu- brusli arms until they anw ruptured willi^ 
e\f)io''iv(' violence. Ihr cause is no (hailu l.irgi'ly dm-* not so 
mucli to tiu' actual distortion and the \olts hxallv geiierati'd 
then'by umh'r sl('ady load, but to th^* ^ndden Return to a more 
symmetrical distribution of the held whr-n tlie armature, load is 
suddenly reduced, or to distortion in*tlie op])<»site direction when 
the load is rever.s<i^l as in llu‘ opei ay«l^ *of a large rolling-mill motor. 
The very rapid swmg bac k of the tiehUheiT generates instantaneously 
a high voltage in an’armatu;^,* dhl. * 

'Ihe exact combination of rin^nmstances refpl^red to cayse 
flashiug-over can, ^unveverf liardly be sai(f to be ’( omplctely 
kntwn. Allhougli undoubtedly ;^sisted by a high aVerage or, 
maximum vi^ftage Ix-tween sectors, the possjlile aryonnt of the 
increased voltage at parts of the coii^mntator due to tbeTirmature 
field varjung und^*a sudrfen change^of a heavy load, though often 
^assigned a.^ the sole cause, woi^ld not ap|x*ar to be sufficient to start 

, 4 — ( 5065 *) 
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the arc. The actual origin may perhaps be traced to heavy sparking 
at tlie brushes and the forn^tion of small arcs between neighbouring 
sectors a^they leave the brush tip, together wi^i ionization of ^e 
air nea*the bAish-tips as a cdhtribiitory cause. Carbon partiaes 
cmlx;(l(led in the i^iica surface would assist the arcs to survive until 
the sectors arrive under the main field, where the arcs are 
maintained and magnified by the generated voltage. A chain of arcs 
iitight conceivjibly thus arise, each one as it forms partially short- 
circuiting an armature ion and helping to maintain the dis- 
turbance of the field. 1 It is, however, more probable that the 
scquettce of events is in many cases as follows; S])arking under 
heavy siiort-circi^t Jirsit generates an appreciuhle quantify of con- 
ducting c-()[)t)er vapour, tlu; circuit -breaker opens the external 
short-circuit, and then th» ahov'e-nuintioned momcuitary rise 
of the voltagii induced pt'r coil starts th^ arc through the 
vapour. • 

Apart from tlu' use of a fan and air-blast along the commutator 
surfac(i to drive tlu; <'<^iHlucting vapour or air away, a nudhod 
which has been employed 1)\' tlu; \Vestinghouse Co., U.S.A., for 
the prevaaition of tlashing-over in hi^h- voltage continuous-curnait 
dynamos is to conneit to the armature winding thret' slip-rings: 
a veiy high sp('ed switfli, wluai trijqxxl by a hi'avy overload, short- 
circuits.lhese, arnktlu^reby the voltage at the brushes is reduced 
alm<jst to Zero so (piic Uiy that the original (vaa-load has not lime 
•to cauSe any serious flashing, and th(Te is no Hashing-over.- 

But to wliat(^ver extent field distortion is tin* originating 
or the ^assisting cause, tlu? chance of "Hashing over" is greatly 
minimized by tlu' ('mploynu'iit of a comjH'Usating,. field winding 
which annuls tlu? armaturt* distorting el'f(‘('t, as will be explained 
in § 19. 

§ 18. Limiting number of ampere-conductors per pole.- The 

second (jause limiting tlu' value ac therefore falls within the present 
chapter as due to armature reaction causing distortion (d the field 
to an amount deiHaulent on the value of ac . pV or the ami)ere- 
condnetors under the j»ol.tt arc. Whether the di.stortioii cau.ses 
the local voltag(? Indween sec‘ors to reach a dangerous aniuiint will, 
of course, dejicnd on the iniCa! average value, which may he so low 
that no (jiuiger need be fcarecl. " 

As a practical limit to the in;\^imum volts p<T sector may be 

* Cp. W. W’a Firth, “ Flashing over in Commutator Machines,” Jottm. 
I.L.K., Vol, 48, p. 8-8, amt the di.scussion which followed this pajier. The 
phenomenon has U-en mostly studied ih connexKm with rotary cvinverters. 

, which .ire fieculi.irly .susceptilde to,.it ; see F. P. Whitaker, ” Kotary Con- 
* verters,” Journ. I K.E., Voi. 80, p. 5;tl, with the following drsnission, pp. 512 
and 835 ; ilso-7 rau'i. Amer. LE E., Vd. 39 , Part I, pp. 617 (J. J. Linebaugh) „ 
and 631 f^M. W. Smith); fourii. <E rr. I.E^E., Vol. 41. p. 174 (F. B. Shand). 

• Joum. IM.E., Vol., 60, p. 514; and Trans. Attur. 'I£.E., Vol. 39. Part I, 
p. 648. 
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given 40 volts, ^'and assuming the increase of volts under the trij^Iing 
pole-edge to be 33 jx‘r cent., the average volts per si'ctor are limited 
to a maximum of JO, or if the increase is 50 ixm* cent^ to tV^iaximum. 
of 20.* In the cast's shown in Fi^s. 327 and 329, the increase of 
the volts at the trailing polo-tip will lx; not less than (SO p(T cent, 
of the average volts |X‘r sector. Vet above the normal valye under 
a pole-facc without distortion, tlu; increase in the two cases is not 
m^re than 25 and V5 jht cent. res|H‘ctivelv. ^ * • 

Identifying -•17, 1 h with tiie normal *17'^ -] Al\ 

calculated without distortion, the density at the trailing tip of ?l 
main p<.>le is a])proxim<d(‘ly when the shift d is^iuglected. 



1 -2.57 
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where IS tile pfilar angle in elei lrii'.d degrees. Sinei'i^,. • /I v 180', 
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j.iy; : at, \ .<■ iiiYj2 q)} 


Ki, 


while the iionnal 
The ratio of tiie two is 


1-257 


A T, I A T, 
A/, i :\ * 


th<’iefor<: 


(174) 


li,r j.iy; ; .47, ! m- - .x)i (Kl, | 

• H, ' " (,I 7 „ I . 47 -,) (A 7 , i 


If Jhis is not to < xeeeo a vahu- k, we h.ave 


2 {AT, \- AT,) 
ac . V ((f 2c}IY} 


i 


1 




The frac tion is iisuallv almiit t)-35 to 0 -1, so that if /e is not 

El, i -S ' , 

to exceed 1-25. the right-hand sidt*. becomes 1-45 to l-Siil. If be 
reclvoned as 15 VIectriral di-gieeA fn th<; non c'ommutating-pole 
machine, (or c; (K)8^15V'), and a,‘i zero in the cr>nimutiling-[>ole 
machine, • • , 


2 

ac 


{AT, \ AT,) .. 
. V'(// -0 I^) = 


1-61 to 1 - 47 * 


• • 

^ Dr. K. ” The I>« v< lopiixtit of (.'ontinuous Current Turtx)- 

» Generators,” Journ. l.L.E , Vul. 40. p.‘H39, and the (kftcussio-»tho^^*on. 

• The great dcsiraf^lity of^ow^r valuAnot exceeding 20 volts 4^as led to 
the devices fojr subclwiding ea< h armature Im^p into two wxtions by auxiliary 
•conimutatof connexion.s to b»; nle^tloned^I1^ Chapter XX, § 35. 
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CHAPTER XI k 


Apj^roximatcly, ^ therefore, 

Ar, \ A'I\ AT, "at, 

// /f ac.yyi'k 
•If 2 ‘ 

field ampere-turns for sin^de air-gap and tooth 
armature ampere-turns acting at one pole-tip 
or alternative!}' expressed i ^ 

• A'y I held A T for double air-gap and teeth 

, ac . jiV armature ampere-condurtorSfUnder pole-face 
must be*' •'/MS to 1-5 . . (175) 

and if (i ()-7dS in tlie non-^'ommut.iting-pole machine and 0-66 
with ('ommutating poles 

t 

A',. I A', ' held A T h»r doubh* air gap and teeth 

,, , , , , :0-92 to 1-1 

({(' . V armatun* am|>er(‘ conductors p(‘r ])ole ' 

• . • • (176) 

W'liile the above (juantitative lig^ires admit of considerable 
latitude in their apj)lieation aci'ording to the circumstanf'es of the 
cas(\ they s('rvi‘ at hsisl* ( hsuly to sliow that th(' higlier th(' normal 
value of n, or (»f A'„ | A',, ttu' greatiT may be the armature ampere- 
conductors j)er poV piy h. I'urther, their ymivation will ha\’e 
indicated that the inert'ase in the saturatimi of the t('eth under 
the trailing poh' (slge plays an appret'iable part in limiting 
distortion. 


§ 19.' Advantage of the multipolar machine. The ad\ antage 
of a large' numlH'r of poh's from the pK'sent point of \’i(‘w is ('vident. 
I'or the s.une v.ilui' of //, tlu' v.due of the .im|fv‘re-conductors |)er pole 
///2/) ac . y is redue ed in proportion to an increase' in the number 
*')f poles. 'Dieil' is, tlieie'feuc. tlieewetically no difficulty in limiting 
dist(^rtie)h of the' lie-id te) a reaseuialele' amount. 

Next, as alreadv she)wu (('hap. XIII. § d9), tlie-re is a certain 
ma.vimum value' te>warels wlie h te'iiels and, with a more or less 
ceinstant length e)f air-gap, ^a e e'i tain maximum value for .'17„ 
t AT, or { X, which practi< al consieleratienis fix. Thence it 
< « * 


* The' iHen.iturer ampe re' turns jx r. pole are' ™ \ ac . V.hutthccross- 

t ^2 ^ 2 

magiu'lizing ainpi're' turns as ae-.tinft,e>n a }m>U> In'twron its odge-s art' Z?™ ^ 

' 2 /> 
ac *}iy*or at tlie'lr m./\imnm ae re^ss a wh^de' pole' pitch arc ei< T. If expended 
in e'<iual pre^pe)rti«ms over tlic lw«> air gaps, the' ciT)ss amp re-turns cicting on 

*one‘ pe>lc-tip art' tlmrcforc ,y \ ~ ac fiV. or at the twvjtreme limit — 

J <ie- . 1", tKe a?tnatnre' ^iniH're'-turn< ^|fer pole. Since tliere is a liability for 
confnsie»n*.l)etwe'eii the cross am]Vro turni " itcting e^^-' a pole^ ” anei " per 
pede." it is Ix'st to s|><'ak solely o^ ainpou' c«melucteirs inslH^atl of ?nipere-turns, 
whjch ave'ids all ambiguity. , ' • 
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• 

follows that Ihere is a certain maximum value which ac . Y iwust 
^ot exceed even in large machines, aiW such \ahics in machines 
w Miout and with oomrnutating ^>olei are resiH‘Ctivel\%(/c * T 15,(HK)‘ 
or 18, (HR) am{K!re-conduct()rs jht j»oIe-pitch. Uasily, eiaSuuny in 
manufacture dictates that ac should be j)u>he<l to its j>ossible < 
maximum until limited by heating and si>arking. hmally, there- 
fore, making ac VHH) per inch, a limiting value lor (lie pole-jiitch 

is teached. viz. * , I 

y • l(f7 to '20 iin iu‘S * • 

as already indicated in ( haptiT X\', ^ 17, aiul usi^illy it is^ess. 



Fig, rt'CJ, 'I'hc priiniplc «*( ( fw M wiiitling. 


§•20. CompensJlting field windingjt *In (udn- to jnevent the 
displacement of the held by tin* aetym of (hr armature current on 
load, and so to lessen the Jik^Jjhood of Haslmig-over " under 
diflicult conditions such as ocnir in (he design of turbo dyiyim^s, 
the crus.-# amjK're-turns of the afmature must be neutralized. This 
is cRfected by an (a]ual number of compensating^ ampere-turns carrying • 
^ current in tin! "opposite direction to the turns yf the j^rri^ture and 
distributed over the pole-J^ce^ ^)\bal the neutralizing ^tion of 
the compei\^ating* lums may Ixi p^ojKjrtioned to the armature 
turrent, Ufby are in series witk the main circuit ; they are wound 
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either in holes, pierced throi^h the poles close to their fcored faces as 
first' proposed by Professor Kyan, or in slots uniformly disposed over^ 
the pole-^jfce. ^fhe principle isMiidicated in Fig.' 332, the compen- 
sating conductors in the 2-pole machine being joined up into a coil 
' enclo.sing the armature. The ordinary field winding of the poles 
may be retained .at the back of the laminated pole-shoes which carry 
th(^ com}x;nsating winding. In the multipolar ijiachine the arrange- 
ment becomes ifimpler, since with hair or more poles the compensat- 
Lng coils hedome flatter, and their ends can be more conveniently bent 
to clear the armature. 'I'he two S(;ts of coils, e.vcitin^^ and compensat- 
ing, are ^lien, so'to speijk, in (piadrature, and , the winding bears a 


\ 


• - I 
~ t 



l-'iii, I'i.'Ul franu' of 300-kil<)\vatt turlx) clynatiuj with 

bar wiiuliiig in f>la( e. 

{.\ll|»fim‘iiio ICh'ktricil.its ('.osollscliaft ) 

r«\semblance to the winding of the stator of a quarter-pha.se 
alternator. 

I’ig. 333 shows the conq)ensating coils before the four large 
shunt coils embracing the poles are in i)lace for a continuous-current 
3(H)-kilow.iK turbo dynamo at 2;k) volts, built by the Allgemeine 
IClektricitats-tiesellschaft ; tlK law vt)ltage causes a bar-winding 
to 1 h^ ad/>pted. 

Fig. 334 shpws the tield-magret of a 600-h.p. 1 10 revs, per 
mitt. (jonqK'usated^ motor built by the British Thomson-Houston 
Co., Ltd.,, also with a bar comj)ensating winding ; the field 
.•coils are here between the yoko and the comjH'usa^ing coils, and 
there are^^lsc. commutating ix>le;>... In some comj^xmsated machines 
the fiekUwinding [>roiX‘r is its*tif dist*-ibuted among the same slots 
with the compensating coils but in quadrature ’ with -them. The 
compensating and field windings car. also be combined with local 
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commiitating* coils surrounding reversing teeth in the centra of 
ihe gaps between the several fields.* • 

^Vn interesting cjliestion arises as io how the ariu^jture a com- 
pensated machine is subjected to torque when# the dispflcement 
of the field is prevented. The answer is that, as shown by Prof. 
Gutton, '^ the lines of flux thread round the condiietors of the coin- 
ix*nsating winding ajul of tlie armature in opposite directions so 







I'lo. 334. I'k IiI t of (JOO-h.p. 110 r p.m <-oni]>onsal»‘(l fnotor. 

(llic British Thomson -Houston to, LOi.) 

• 

that, although int lined to the armature surface at much the same 
angle as in the machim; without col^qHtnsating W'induig, there is 
no flisj)lac(‘ment tts a whoh* and tint neutral axis retains the same 
j^osition as at no-load, as indicate<tin fig. XT2. • 

Since the conqxmsating •anfpe-re-ronduetors are usually only 
disjM)sed on the jx^le-face, it follows that if they ^ornpensjte Jor 
the maTfimum cross amptrc-turtis with diametric armature winding 

* For further illu.strations of compensat'd machjnea, see (Trap. XXII, Fig. 421 p 
and W. Hojilt,* " Direct Current Turl^q^ienerators, "^/aurn. I.E.E., Vol. 40, 
p. 625 ; Cf. Stoiuy and A. H. Law, “ Higlw^>eed tlectrical Ma^ndly,'* Joum. 
LE E., Vol. 41, pp. f269-295f • ^ ## 

, • ^ote<4 t>y A. ^auduit, Recherches Expirimentales el Thioriques sur La 

Commuia^on, p. 64. (bunod et f^nat, Paris.) 
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and no angle of lead, the actual ampere-tums under the poles must 
be .over-comi^ensated ; with chord winding of such degree that* 
the short^'ircuited wires are brought to the poleV-ips, there need*be 
no ovcr^oinpcnsation, but of course such a winding is unsuitable for 
commutating poles, which are usually combined with compensating 
winding. 

'J'lie following particulars of an 8-pole comjH^nsated dynamo, 
500 Volts, 250()^imp('res, 750 revs. ])er min., are given by J, Rezelmfin. 
The armatiire was 48-4 *ins, diani. l)y 18- 1 ins. long with 168 slots, 
tell containing 2 bars. 'I he winding being a simple lap, ac — 770 



t'ui. .'CCS. I'oinptMisatiiiiJ: fn-l<l vviiuling ;iiul < oiniiuitatiiif? 


per inch, 'i he main air gap was 0-256 in. 'Hk' polar arc was 13 ins. 
or 76-5 |H!r cent, of the 17 ins. of the polt'-pitch. ihe main poles 
were laminabsl and on each wt're 10 slots, each carrying one com- 
♦-pensating bar (big. 335). b'our citils of 5 turns were in series, and 
two such sets in par.dlel. so that e;uli comjx'usating bar carru'd 
25(K) 2 1250 am^peres. The ampere-conductors of the comjxm- 

satmg winding wi-re, theiefo'ie, a(\. tKSO jht inch. The armature 
bars under ;i main pijln-faiv wen\ therefore, over-com{H*nsated, 


and the compensating wmdiifg 


. ‘ ‘ 1 / 312.\:^i6 

armature 'ampere conductors jn‘r pole '--- -- •= 13,1(X), 

‘ JP ^ 


i.e. 12,5(K) anut’ie-turns of confpehsaling winding jkt jxde ^ 95-5 
perVciTt. oM3.UX).' The solid commutating poles, therefore, were 
wound wirti two turns only, ejich carrying 1250 amperes. The 
hnnmutating air-gap was 0*394 'in. - • 

Comix'incitftig winding is esjy 'iTlly valuable in the case of turbo- 
dynamoS*\vhere the high s|XTd and smhll i\uml)er' ^f sectors per pule 
lead to high values of the avfcritge vo)ts per sector. 
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Messrs. Parsons & Co. have partly on the same account i)^ade 
,use in turbo-dynamos of a special armngement of com^xuisating 
c(«l which also produces a comniuta|ing field with aJyiost % comj^lete 
air-path ; not only can a perfect balance up t(^ a heavy ^)veiioad 
current lx? thereby secured, ow'ing to the absence of iron saturation, 
but also the absence of hysteresis and eddy-currents enables the 
quickest changes of current to be simultaneously followed. ^ 

^ 21. Effect of eiftdy-currents on field^ampere-|ims. In* (in- 
clusion it must be added that any eddy-currents in tik‘ armatina? 
exert a demagnetizing effect on tlie held analogous lo .that of the 
back amjKire-turtis, and inaccurate coiunuitalioit of lhe*.shoit- 
circuited loops, causing large parasitic cuifeiWsitlierein, fnay also 
liave an afjireciable effect on the anipiMe-turiis recpiifed on tlie 
li(?ld. If ojK'U wide slot^ in tlie tohthed arniaturt' set up eddy- 
currrnts in the jxike-pieces, tlu^se again must be counlerbalaiK cd 
and may call for a small increase to be adde(l to .17 ,, in rec koning 
out the held winding. 


Tm- H()^ 1 (UN)I..\k 1)vn.\mo 

§ 22, Armature reaction in homopolars. .\ murIi- Imi inuuntcd axially on 
Uu‘ svirlaof of a < ylnxlrital rutor ami (,arr\ inR tnil'riU Uy 'ts inaRni'io- 

inc)tjvi: ft)n:r i-auM- a nHliutnui in llu* density ut the resnltaid tlux ahead <»{ 
itvdf and an iiureas<‘d den.->ity l>'-hind itself This iwii.-«iual distijintioii <d 
the tlux would rtsu h int'^ the mass of tl»e rotor ai%] st.itor, and travelling over 
the fac(; of the latti r would yive ns<‘ to loss<‘S by livsten sis and edtly^ iirreiita 
in the iron. This eif< t t wouM. however. <lisaj>|M‘ar with a eoinjihdi' eojijH'r 
eylinder, wTii< h by itse lf w»»ul<l lx- suiroiinde*! by a flux (oincntnc with the 
axis of the ( ylinder. I lie .NfM I', (d sin.h a cylinder is at all points at riRht 
angles to the firiRinal radial nulihiiiR flux and to its ,M M 1‘,, so thaf we have 
what may U* ‘.eniKxl a " reetaiiRular inlers<'<;tion ” of M.M.F.'s. Two 
fluxes at nRlit angles to eat h (dlier ar<' physnally impossible, and the aetual 
result m nature is tiiat tU^ flux is twisted round, l aiisiiiR U to follow a longer 
amf ^H'rhaps meir saturaled i>ath ; if a/j and af, are the two M.M.l- .'s per cm, 
leiiRth of the two paths, the r<-luclivity is depeiidi-nton P257 t- fl/,*. 

and the latter ilivideil by the former yields the resultant flux dynsity * 
It is, howa-ver, )>erfeetly leRitiniale mentally to n solve the nsnltant flux 
density aRain into twri recUiiiRular ( omjxmenls, or in our (as<- into a radial 
and a coneentnc eom|H>nent. When so resolvetl, tin- t (•nponenl jinxes must 
Ik* regar'hxt as carrjang with them the jierimaibility of the medium in its final 
state; that is, the two launponent densities are given by the relation Ji^ 

\ d lij'f where and ii^f are the (^ nsities tliat wouIiUIh: prexlueed 
by Hie two M.M,F.4i acting separately ojj the inedium in its final state, or 
1-257 and l -'Ji? (i/, » • 

In the j)res<*nt case,, everything Ix-in^ symmetrical in i in.les •( oiuauilric 
with the shaft in machines «>{ tfcc .f^ial tyix*, the risnltant flux is given a 
slant towards the armature instead of %*ing truly ratlial*to it (Fig. rCfh), 
\Vhether in air or iron, not only is Uie length of path i»< reased.Tnit f/wiiig to 
the slantVf the lines, the density at right angle.s to the flow' is yicreased, as 

— ,• 

‘ G. Stoney*Jn(l A. H. I,.aw, " High-speed Fdectrkal Machinery," Journ. 

I.E.E., Vol. 41, p. 291. 

* Cp. J. K. NiiCggcrath, "’Acj^lic (HfmuifKilar) Dynamos," Amer. 

I.E.E., Vol. 24, p. o. A different view- has. however, since Ix-en exjiressfxl 
'by him, Trains. Amer. 1 E E.. Vof 31, Part II, p. 18^18. 
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sliowi by comparing the sections shown black in Fig. 337. 'In air, with its 
constant reluctivity, this does luit imply any reduction of the total flux entering^ 

• .the armatuce or of the induced E.M.F., since the increased M.M.F. which is 
required is exactly that wliich is supplied by the M.M.F. fef the rotor cylinder. 
Hut in iron the increa^;d saturation and lessened permeability will, according 
tf) the vi(!w expressf^d above, lead to a value B^f for the radial component 

* which is less than the value of the original radial density, and the induced 

is accordingly decreased. So long as a/, has any value the resultant 
flux will never bei-onu^ concentric, but will eilways slope into the armature. 
'Ih^ ghidual tvvi.sting round of the initial flux (even»if its value decreaa:s) 
and its increasing* density at«right angles to its pafli as the armature current 
is increased 1-xactly corresptnuls to the gradual growth of a component 
winceiitric flux from zero up to a high value proportional to at^. It would 
only bev)me truly concentric if a/j were itself to become infinite. 

In ordeg therefifre, t(i (l|it;lc the reduction of K.M,1'\ which occ»>rs under 
load and whi( h haf above been attribub-d to armature reactibn and to 
saturation of- the pole faces, it has Immui the practice to compensate the M.M.F. 
of the armature. I his would Ih- s^nain-d by a sjmilar copper cylinder on the 
^ face of the stator connected m series with the armature and carrying the pme 



I'n;. ;i3H. I’.ith of llux*iu 
• • .m^gap of h(»mi>j)olar 
<l3uatuo undtT lo.nl. 



hdo. 337. - -liagram to illustrate 
iiicreast'd resultant density 
in air-gaj). 


current blit in tin' itpposite din'ctiori, <*r with several inducing sectors by 
corn'spoiidiiig tl.it s*-i tors on the faci- of the stator. ^ * 

Hut, as already descrilM-d {( hajiter VII. § <>). in practice it is more convenient 
to depart .somewhat further from the ideal ease, and instead of .sectors, to 
emphty a numlH'r of equally sjiact'd b.irs sunk into the surface both of the 
stator and the nflor. If these arc sulficiently numerous, an approach is 
•fuade to the stmpli' eonceiitric .shell audits purely concentric M.M.F. Owing 
to the local sep.u.itioii of tin- bars .Muue of the unequal distribution of the flux 
whicli accompanies tin- siiigh- bar still jn-rsists with consequent lo.ss by hys- 
teresis and eddv ciirni'nt.s. and with some reduction of the K.M.F. owing to 
uneipial saturation of the iron.* Its amount is not, however, sutficient to 
render it iiece.ssary to lamin.ite the rotor core. 

§ 28, End^^ng reaction in homopolars. The reaction of the armature 
eiirreiit has. however, imt yet Iviui cxhausteil, and alK)u| the ctfect no^i^ to 
Iv de.si nlH-d there is no question. \1 ifti a single bar and a finglo brush pressing 
on the coHjctmg ring, except wheg the connexion of the b;ir to the ring 
is exactly uiulenieath the brush contact •iurtue, the current divides into two 
jH)rtion.s eih irclint the ring in op|>osfte Airectious and reaching equality when 
tJie«l)iir*( luiiii^'xiou is ^hametncally op|>osite to the brush. The net result is 
therefore an alternating MM.F. embracftig the lyain magnetic cirtiuit. In 
the axial tyjio wuth double magnetic ciquiit, this acts at each end of thearmattre 
bn its own magnetic circuit, causing h5'steresis and eddy currents in any solid 
metal. » • 

Such an \meqnal division of thty\:urrent in ^each collector ring may very 
largely tK)*^bviated by dividing the single bar into foih^or more conductors 
in ^>;irallel which are connected at equidistant points round th<f ^'ircle of the, 
collk-ctor ring, and this method has in practice been followed. , 
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Tq balance Dhe ring reaction completely, each end mtist; separately be 
gendered neutral, and tlie aim must be to redut# to zero the total algebraic sum 
of the currents in any radial section llyough the rings at evetv moment 
whin their directionS, clockwise or couflter-clockwisc, :ire*duly ijjkeii into 
account. This result cannot be entirely secured witli a Imite numlxT of rings, 
but is approximately attained if with x bars connected consecutivrly to 
adjacent rings, say, in a clockwise direction, the bruslu s are set consecutively 
at angles of 360/.r degrees apart, but in a couuU'r-clockwx'^e iluection. Thus 
while the connexions of the bars to the rings descrilx* a screw tliread round 
thetshaft in one direction, the brushes descnlx* a screw thread round the sh.lft 
in the opposite direction (1’ig. 338). ‘ The obje^ion then arises that with i 



bars there are x points i ti'<u. Dr. J. I- . ratli 2 thereloie 

> dcveloiH^d the method further, by iiureaMi.g tm* pit<h ol the bruslies so that 
they dcscrilx' more than one spiral round lh.‘ shall. I'hus with 8 rings at one 
end, the brushes ar.‘ made to des< ril^* 2 threads round tlic-shaft. or with 12,^ 
rings 4 threads, and thereby the jioiuts of culh etion are luought intt>4 groups, 
vnth the consequent advantage lliat <mly four <.}H rungs aie reipured in tlic 
magnet frame to give acci'SS t<.» th<' biuslu'S fur luspt'ctioii iind atlcnti<>M. 

If tlie connexions of the rotor bars are i^it tak. n sft-aight into the rings 
in hues parallel to the axis ol the .shaft, but slant acrirss the armatuie so that 
the bars and th.; connexion jxmits have an ^igular disph.eement. tlie currents 
partially or toUlly encircle tin? m:uu magijf'tiu (ircuit, and, vwth the right 
<lire*tiou of displaot rnent to increase dux. a < <mii>ounding elfect can 
thereby lie ])nKiucc»l. Iht* sanu* effect is sifmlaily jModiu.ed iC the leads 
connecting the brushes, to the conineusatiug bars in the stator -frame are 
airried partially round the shaft iBstel^ »” straight lines, wsth the additional 
advantage that the conqxmnding effect c.^n lie a<ljusted in amount by slufting 
the brushes more or less round the yngs % 

k The proportion of the total current rarried is marked for tho*lower paths^ 
from bars to bij^hcs, and is the invent? Cf the relative lengths of the paths. 

* Trans. Amer. I E E., Vol. 24, p,*^^ 
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(OMMUTATION AND SPAKKING AT THE BRUSHES 

§ 1. Sparking at the brushes. —All wiio luive had practical experi- 
cn'cc of the \v(^rkinf^ of dynamos giving a ^oiftimioiis current 
know tliat hi most cases Aie hnishes by which the current is collected 
arc so mounted as to permit of their being shifted round the cylin- 
drical flurfai e of^he commutator at least through ?iome small angle. 
They wilt also be Jiwarothat if the position of tfie tii)s of tire brushes, 
as they pass on the commutator, be not properly adjusted, the 
result will be sparki)t{^ at the bAishc^i. 'I he waste of energy involved 

* in such sparking is but small, but its presence alw^iys tends to shorten 
the life of Ihe commutator and brushes, so that its suppn'ssion, so 
far as possible, is in every way desirable. The jiresence or possi- 
bility of sparking at tluf bru^ies is, in truth, the peculiar bane of 
machines with commutators, as contrasted with alternators ; 
currtnits in the latter may nMjuire t(t be collected by brushes or 
rubbing contacts sucli^as have be(‘n shown in many previous 
diagrams, but the nicedy of adjustment recjuiri'd by the brushes 
of hett'r«-polar coniinuous-current machiius, if sparking is to be 
minimi/, ed or entirely aVoidi'd, is a disagreeffble characteristic of 

* fht'ir wTiole class, and is entirely dut* lo tlu! presimce of the com- 
mutator as opposed to the simple collecting rings of the alternator. 

Unless an apj)roximately corn'ct adjustnu'nt of the brush posi- 
tii)n can be obtained, a row of s()arks will aj)pear,'l(‘aping acrv)ss 
between the moving se('tors and tlu' stati(^iary brushes. Tlu^se 
sparks, which are virtually small arcs Indween sector-edge ifnd 
brush edg(\ may be small, bhiish-whitt* in colour, and comparatively 
**h.irmless*: or if the inexactiu'ss of th(‘ adjustment be considerable, 
they may be of a reddish colour and extremely violent. But in 
either case, if all«we<l t(» ^'ontinue, tlu'y will sooner or later pit 
the siirfiice of the ta)mmutator sectors, destroy their smoothness 
and evenness, and heat tlu' Ifiuslu's. Once started, the effects are 
cumulative, ami the mischi(|f ^grows apace : .the commiitk’tor 
becomes itntrue and worn uito deep and rugged gi'tan'es ; increased 
sparking is caused by the " jumpiii|^ "^of the brushes as they pa.ss 
from sector tokator, and perh?i])s the tips of the brushes become 
partialTy fusVd ; thhs the commutatf>r is gradually eaten aw-ay until 
its state is* past all remedy. To check the evil it is necessary *<o 
trim the brush-tips continually and " true up " the Surface of the 
cominutab>r by turning it m a ||t?he or by grinding it with an emery 
wheel, and these often-rejK'ated processes result iflca greatly reduced 
' life, of both commutator aiuTbrushes^; 

60 
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§^2. Mean* for adjustment of the brush position.— Sparking 

jn closed-circuit armatures is therefore*an unmitigated evil, to’ l)e 
ov^TCOine almost 4it tiny cost, anc^ the possibility .of ntl»ving the’ 
brushes so that the position of their ti})s may lie adjustefl to suit 
the normal working load is usually a neci'ssity. It should further be • 
possible to do this easily and steadily while the machine is running, 
and without in any way interrupting the ])assage of the current. 
In!^mall multipolar cfyniimos this is effectedj)y mounting the brushes 
on insulated spindles projecting horizontally from a cast-iroi^ 
star frame or “ rocker.” This latter is made in two bolted 



I'lo. 339. I'oiir pnl(> Urusli ^r-ar 


I ogether'and fit t ing into a groove turned in the surface of 1 be plummer- 
block next tf) the commutator, so as to adjnit of its being swung 
through an arc or ia)ta1ed l)y a hand-whtwl aeiuatiilg a link • onne( ted 
to the rocker (Fig. 339) or by a worm gearing into worm-wheel 
teeth on a sector fastened to the rocker ^hig. 340). Kigi<lly fastened 
to (^ich arm of the star fram<‘. gyn-metal sjiindle, entin-ly 

insulated from the iron 1)V means of fihranite or bak(*lit(' i^ates and 
ferrules, and the brush boxe» wHk'h^hobl the liruslu^ an.‘ threaded 
on the spindles and firmly fixed in plac(‘. o39 sho\vs the 

rocker rrtounted in position on* the Ix^aring and carryiin^ four s(Ts 
of t:arbon brushes, opposite sets) being conne<'ted together by., 
semicircular c*)pper rings, to whicb^re attached the ngiin armature 
brush leads. F'acJ^ brusl^ b(^' is mted with a spring, o^; whicli 
the brushes'iire kc^t pressed down oji^the commutator. 

* In largg "multipolar machine* a cast-iron ring is usually mounted ^ 
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on the face of the magnet yoke-ring, and rotated within the circular 
grqbvc which forms its ^eating by similar mechanical geafing. 
From th|^ ring project as many arms as thefe are poles, and eacli 

t , ^ 


1 



of a clos.ed-1 ircuit urniat\ire jf'i.nding during the time when it is 
shorten cuitcd has hitherto only Ix^c'u gtinerally described. It has 
been sho'^m (Chapter X, §§ 2, G) that the brushes* must "be placed so 
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that they stun up the E.M.F.’s induced in the groups of sections form- 
ing*the two of more parallel paths into t^ich the winding is divided, 
•and at the same time so that they short-circuit each separate section 
when it is passing*approximately through the inteifolar ggp ahead 
of the neutral line in the non-commutating-pole •machine, or under 
a commutating pole, so that in either case there is a small reversing 
E.M.F. generated in it. Hence, if the held he bipolar, their jx>sition 
wiy l)e at opposite cuids of a diameter, corresi)ondin^^ roughlywUh 


f r 

1 


Fig. 341. Tcn-iKjIc bnish g^ar mounted on magnet frame. 

(Messrs. W. H. Allen, Sons & Fc., Ltd.) • 

a prosit ion of the sliorl -circuited coils*oii a line of symmetry at 
right angles to the general direction outlie held. This preliminary 
description now requires to Ixj further^mplihed. * 

Considering any, one section of thc*armature winding (v^hether a 
single loop or a coil of many loops), terminated by connexion to a 
commutator sector at eithcr*ena,*lei that sector whf h first enters 
under the edge of the stationarjriyiish be termed tl^ “ leading " ftecft}r 
of Jhe coil, just as that t;dge or corner of a pole-piece under which 
a coil first enj^rs after passing thrifcgh the gap Udween two pole- • 
pieces has already been called th^“. leading edge,»th%^ being 
opposed respectively to tht "Hrailing ” sector and the “ tmiling " 
gdge or coyfer. • • 
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Usually the width of contact of the brushes on the circumference 
of the commutator is greater than the width of a sector, so Aat. 
• two or more sections are short-circuited at one time at each set.of 


I 



bi;^islu\s. At aAy time during sllort-circiiit, let i Ixj the instantaneous 
value of tile eum^it in a short -cirtMiited coil, and let J be the full 
current then flowing in any ore branch of the armature winding, 
“ according to the numl)er a of pairs ctf 'parallel paths 

in the artuature, both i and //(Heing reckoned positive when in the 
direction of the current Ix'fore commutation.' Then * will pro- 
gr^jssively take various values as indicated by the upper row of 
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symbols in Fjg. 343, viz. i”, i, i\ according to the position of the 
(•oil* or the time which has elapsed sinte short-circiift bi'gan. In 
Fig. 343 section 3^4 is just going to be short-circuited sector 4 
enters under the brush, and at tlfls initial moyient wiufi i 0, 
the starting condition is always i ~ f J as shown. Tlu' current 
througli a commutator connector or a sector, reckoned positive wlu'n 
towards the brush, is always equal to the difference lu'tween tlte 
cuarents in tkc coil which immediately follows and^in that w’hifh 
inimediately precedes if. * , 

The period of short-circuit Ix'ing, in the ordinary case i)f a simple* 
lap-wound dnim,. the time that elaj)ses hetwiH'ii entrance tlie 
trailing stator under the brush and emergenf gf ilie leading sector 




on Ihe other sule, is directly proportional to the thickness of the 
bruslies less one stri|)«of mica, and inv'Tsely proportional to the 
jH'iiplieral speed of tin; commutator, i.c. it is the tifiie taken by the 
edge of a mica strip to pass the Ui’ush ; <»r in seconds, 




(177) 


where 6^ - the width of the brush ^'ontact in the direction of 
rotation, — the thickness of a inic.ii*sti ij). the diaimder of 

the Commutator, *.dl expressed in*tfie s^ime units, and the 

nuinlxT of revoliitiorws jk*!' minute. 4{h the pitch of the stictors 
on the surface of the comnuitat^f, 4^ the width of |^n(^ sector and 
one mica strip in the same unit ;^s that in which b^n isexpni*ss<?d, 
and C the numlxT of sectors, bC - rr/)^, so that we*also have 

T ^ hzh’} . It is u 5 uall>;l^t a small Jractioi^of a .second. 

averaging from in^h to ifdnfti ; €.g. with carbon brushes thick. 
8et .so as to gi\e practically the same w'Mfii of contact (after deducting 
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the thickness of a mica strip), on the circumfereppe of a com- 
mutator 7i"‘in diameter and running at 900 revs, per minute,. 

T - ~ 0-00212 second, or if i' * “ the peripheral 

:M4x7Jx9f)0 

s|K!(‘d of the commutator m feet jkt minute, i.c. , where 


is the diameter of commutator in inches, and is in inches. 


r 5 


—-iseconds. , 

Ur 


During this brief time tlie current i must 


l^iiik from i J to zero and rise again in the reverse direction, i.e. with 
ehangid sigri. {f the reversed current lx; raised to the same value 
at the end of slv>rtrcipcuit as it had at the beginning, o'" i ~ ~ J, 
th(^ opening of the short-<‘ircnit will find the coil carrying the exact 
current (lowing in the coils of* the branch of the armatun' which it 
is to join. Thus, in Fig. 343, when tlu! sector marked 0 has moved 
a little furfher and is at tlu^ point of emerging from undtT the brush- 
li[>. the current T in the coil should for jierfect commutation be 
exactly - J. I'he current in the h-ading cornnmt.itor connector 
and sector will then again lie - J - ( J) O, tlu' whole of the 
curnait which they have been carrying during short-circuit having 
been withdrawn. 

I'hus, c.g. with 50 sections per armatun* path and an armature 
winding, ov('r the ly-sistamc of which 5 volts are exiH.*nded. a net 
ethetive voltagi^ of (\d!i of a volt must lx; acting on the short- 
Vircuit(fd ('oil as it leaves the brush, in ordt'r to corn'spond with 
the tiassage through it of the n(»rmal current. The commutation 
will theji lx* eth'ctt'd without any vioU'iit change, and consequently 
without any sjiarking. ft is evident that the transference of a 
section of the armatun^ from oik; path of tlu* winding into another 
on the leading side of tlu* brush can only lx* sparkless if the original 
current in the S(*ction is stoppi'd, reversed, and further is reversed 
to exactly the same value in the opposite direction within the 
jH;riod of .short-circuit. 


S 4, Apparent , inductance of short-circuited section. Now the 

current-turns of the short-circuited coil, since they surround a 
ixirtion of the magnetic circ iit, react on the held svstem, so that 
the number or distributioirof the lines of the n'sultant field is 
different .from what it wonltf he if the short-circuited coils were 
ab.st'iit. For the consideration of the problem of commutation, 
then, the convh'te resultant field must be mentally resolved into 
(1) the flux and its distribution as due to all the armature ampere- 
turns with the exception of the short-circuited coils which arc, at 
any time under the brushes, afid (2) the flux and its distribution 
as due to tfle short-circuited /oils when imagined to be isolated 
from tlfe rest of the armature winding. System (1) and system (2) 
each have their own appropriate amount of magnetic ehergy stored 



COMMUTATION AND SPURNING AT PRUSHES 67 

in their fieldj, as components of the resultant field, and the value 
of fhis energy in the case of system (2) ctn be more or less accurately 
determined from ]he approximate distribution assigned 4o its own* 
fluxes with which it is separately credited (for, the latter see Fig. 
:t44 {a) and Fig. 387 (c) ). 

Since the sliort-circiiited coils are situated at or near to the line 
of symmetry between tlie poles, most of the lines of the supposed 
fliiK linked with tlu*m cross the double air-gap anc^ enter or ‘I(‘aVe 
the iron pole-faces, and thence j)a.ss onwards through the fiekF 




I' ll*; .'M l, Self indiu 1(1 ihix due 1 <» sljorl < in »ii(c<l s» ( (inns til arAialurr. 

magnet l)ob])ins to (■omi)lete their ^cinuit. •The field-magnet 
l>obbins an' j^ractically .sliort-cir(uit(‘<l by the armature winding, 
and as the doid)le air-gap is the < hief itt^n in the magneticjrelurtance, 
the ,^iystem is so ^ar n Highly <-rjuivalj*nt to a transformer with an 
air-fore and a shoit-circuited se<ondaiV. Fnder these* circum- 
stances, for rapid changes of ^iir^mt coinjiarable with the freejuency 
of commutation in a d\Tjamo. tlie*effect <)f the secondary, if of 
negligibly resistance, nearly counterbalances the^iction bt a short- 
circuited coil which is the j)nmary' and the latt(T apparently has ^ 
very little selfdnductance. Any change in the total flux linked 
with the exciting coils and the ai*iwature as a whole is,* in fact, 
damped by the gr^ mut Jal Tnductance existing between a short- 
fircuited coif regarded as a priip^ar)^ arfd^hc field* coils as a sccondaiy. 
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Only a few lines from the short-circuited sections stil^ continue to 
pass rii the ficld-magnet, sufficient, that is, to provide the E.M*F. 

■ which caii:%-s tht dampinp; variation in the exciting current. This 
damping hction is (isficcially marked if the exciting coils are wound 
« on metal forriuTs or cases, which in themselves constitute a closed 
secondary of one turn. 

'I'hen* is, lu^wever, a certain smaller number of lines in the com- 
jioftinit field of 'iystein (2) which do not pass through the field cods, 
i)ut which tirclti round Airough the air betwt^en the pole-tips, or 
[>ass immed-iately across the tops of the slots in wiiich the short- 
circiiiti^l coils li^- in the toothed armature. Further, when the 
field-magfiet winckngk is Vlosed on the annaturfe and tlie current in 
tlu‘ short-circuited coils varies, some r)f the lines which w^uild other- 
wise pass through tlu' main niagiu'tic circuit are repelled into the 
* tips of the ^xiles, so that tiu'y avoid tlie exciting foils of the magnet, 
'file interpolar flux I'irding round tlu* short-circuited coil-sides is 
thus incn'ased (lug. 344 {//} ), although not to any gnxit extent. In 
virtue of tlu* total of tiiesi^lines^a certain " apparent ” self-inductance 
may be attributed to a short-circuited coil, and the value of this 
is very much less than its true self-imkictance. When tested W'ith 
alternating curnuit, the iippanuit inductance of an armature section 
with the iielduuagnet cin iiit closed on itself may be less than half 
the true«inductancu with the field-magnet circuit opcui. 

^ ^ 'I'he (yiestiim is, howextr, still nu^re complex, and demands further 
analysis, 'faking a single section of a drum armature, i.e. a coil 
with two sides, when undiugoing short-circuit, tluue are always 
other coil-sides adjacent to it which are also short-circuited cither 
at the sanu‘ brush or at adjaciait lirushes on either .side of it. Jn 
tla- ('ase of a machine in which the number yf commutator sectors 
per pole or ( 72 /) is a whole number, whatever is taking jilace at 
one set of brushes is also taking place at the adjacent brushes, so 
that close to the sides of the consulered coil A, in which there is a 
varying current t, there must be the sides of two other coils B and 
By short-circuited •at the adjacent brushes and each carrying an 
identic al current, since they are at preciseK' the same stage in the 
proc'ess of (Commutation (Fig* 345). In addition, therefore, to the 
h'.M.f'. from the ajiparent s<^^ indue tame of coil ,4, or - y . d\ldt, 
there is iriso present in /I'the F.M.F. from its mutual inductance 
with coil-sides B and B^, or - - dBdt. N(*xt, if as usual each 
finish set coveii more than the ^vidth of one section, there are other 
sections et(f. lying alongsid(5».4 which are undergoing short- 

-circuit at tlie same brush, but w^iich have iFached a different st^e 
of commutation, and which are therefore carrying •ther currents 
I,, i„, etc.* Lastly, there arc otfieY coils B„, etc., of which one 
side is in close neighbourhood to coil .47 an^ which |ire short-circuited 
' at iidjacent finishes on eithei^sfde ; from lx)th of these ^oups there* 



COMMUl^ATION AND SPARKING AT BRUSHES 69# 

is mutual inductance etc., giving E.M.F.'s in A which 

may be concisely summed up as - Z Ify/^dijdt). In this case also 
we need only consider the apparen^ mutual inductigice, (kie to such 
lines as do not pass through the pole-faces aivd onwardl through 
the yoke where the variations would l)e damj^d out by the exciting » 
coils. Thus the total E.M.F. of apparent self and mutual inductance 
in the considered coil is 



To illustrate Vl'C (jiiantitative eflects, if y l>c yie apparoiit self- 
inductan/'e of the one section A, the arinatifre U*iiig in air»the addi- 
tion of a second section .*1,, if in the same slots and short-circuited 



by the same brush, will alnn^st double the Ihix, and llie apparent 
sc-lf and mutual indiu tance of .*1 will n<it Ixr far sluirt of 2 lint 
on the other hand, when the added coil-sides are in diffeitmt layers 
from those of A, as e.ff. B and being parts of sections short- 
circuited at adjacent bruslu's, the tolal^inutual iwluctancc from the 
two coil-sides B and B^ at the bottom ami loj) of slots with the coil- 
sides of section A at the iop and bortom of the same.jlots will Ix^ 
about 70 per cenU of the entire s<*lf-imfu<ianre of the latter. Wdien 
the added coil-sides are in slots adjinent fo those of A, their }x)sition 
in those slots is immaterial if then the end-connexions follow the 
same path, as c.g. when section ts in slots adjaednt to A and is 
short-ciiy:uitcd by the same brush, its mutual Inducta’ncc will be 
ab^ut 33 per cent, of // ; if the ^md-connex ions follow different^ 
paths and only the slot inductance is affected, as with B and 
in slots adjacent to A, this wilTsmk to about 22 per cint. The 
apparent self and,i¥iutual mductance of A alone in these two case;s 
4S therefore *1*33 / and 1-22 /. * * 
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In the case of a machine in which Cftp is an uneven number, 
is absent, but the numlwr t)f coils to be taken into account unSer 
2(. /fjhjit) is .increased. Wliat may be the effect of the second 
term m ^le alx)ve expre-ssion (178) entirely depends upon the sign 
. of dijdt as compared with the sign of dijdt ; whenever the rate of 
current change in any one or more of the coils /I „ B,. etc., is opposite 
m sign to the rate of change in the considered coil A, then the coils 
of which this true siin|)ly have a damping ‘effect, and take «p 
some of thcamergy which is being freed from coil A, or if the current 
has reversed render its growth more rai)id. But when the rate of 
current- change, ray m coil B„ has the same sign a.; dijdt, then they 
mutually supports-oiu; :hK.ther, and owing to the proximfay of the 
coi B the energy connecteil with the coil A and its apparent 
inductance are incrcasial. - * ‘ 

A further complication is that the apparent inductance ■will, 
s rictly speaking, vary with the position of the short-circuited coil 
according to wlietlu r it is in the centre of the intcrpolar gap or 
nearer to one iiole-tip fliaii^o the other, and thus will change 
somewhat during rotation. Vet since the iiiovenu-nt of the coil 
fluring the penod of short-circuit is tint small, the apparent self 
and mutual indiiclanee o(p section of the winding may apiiroximately 
«! regarded as constant for a given i>osition of the brushes. ' 

lint liBwever this- may he. and leaving for the present the further 
e-vumiiatum of the ctl. Ci of , A, dijdt. the coii>under consi.leration, 
at the moment of arrival at the point where short-circuit begins is 
possessed of a certain amount of electromagnetic . nergy stored in 

Its field erpial to ^ ■> ^ ' ' 'l'“'stion of securing sjiarkle.ss 

commutation turns, then, entirely upon ovr ability to dis,sipMe 

o f r'i t" of Of ‘‘Oif 

Ot a few Imndredths of a .second. 

It eaiflx! dcssipated in any or all of four ways - 

(1) through transference of the energy by transformer inductive 
ettect into other short-circuited coils ; 

(2) m heat l>y pas-sage of Uie current over the ohmic resistance 

of the coil Mid contact resisVuue of the brushes, tlio heating U-ing ' 
then in excess of the normal* . • ° ^ 

(3) by motor action, the short-circuited cyil assisting to drive 

I- M r" c is.opiwsed in direction to the 

h.M.h induced in it by the main external field; and 

(4) by sparking. 

: (1) tv transfomVr 

action, (2) thtough the action pfjlhj contact resistance of the brushes 

„ ' 1 * 1 ‘“ <’f the lines wlifcli So not ttis,s thruuxh the field 

iTn^ J'h. Im"’ «^f‘ fh is '"''ved awav from th-!ymmetri^ 

lin«, tht, apiMrcnt inductance increases. ^ , 
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applying a difference of potential to the ends of the short-circuited 
coil which assists the growth of the refersed current* in it, and (3) 
by generator action, the E.M.F. induced by the reversing external 
field exceeding the amount lost over the ohmi« resistant by the 
passage of the current existing at the moment. 

Under ideal conditions of perfect balance between the effects of 
rotation and magnetic energy-change and no sparking, the resultant 
magnetic field would remain constant and^ unmoveci. But even*in 
this case the means of liberating the energy and of te-storing ^t 
must be present, so far as each short-circuited coil is considered in 
isolation from aM the rest, when the 
current in it sinks from J to zero and is 
again raised to the same value in the 
reverse direction, i.e. to •-/. 

§ 15. The equaticw of short-circuit.— 

The liberation of the stored energy 
in an electrical fibrin or its re-storage 
gives rise to the induced E.M.J''. 

- { . ^^)dijdt wliich forms the first 

term of (178) ; e.g. if the current 
iH'gins at once to fall towards zero, 
and then rises to J without over- 
reversiil, di dt is throughout the process 
negative, and therc'^ore the induced 
E.M.F. is positive and retards commu- 
tation by maintaining the current in 
the old direction. 

At the same time the coil is moving through an external lield. 

I his field may be eitlM.'r that from the fringe of tlu^ main field lines 
within the interpolar gap, or a s|XH'ial field provided for the purpose 
from commutating poles. In either cast? it is the ttisultant due to 
the magnet-winding or windings as modified by the preserv e of the 
armature amixTe turns that are carrying the load current and are 
not themselves undergoing short circuity The vahie of the imj)ressed 
E.M.F. due in tht; movement through this field will vary as short- 
circuit proceeds, and may lx? expressed as a function yf the time, 
“/.(/). In ordtiT to complete the differential equation for the 
conditions of a st\Uion during short-circuit, let a single cftil AB be 
considered si-parately (Fig. ^14^, tlie positive direction round the 
whole circuit ABC I) lx?ing taicen*to be that of flie current in 
the coil,l>efore commutation fx'gins. The c\irrtnt in \he leading 
commutator connector is then , * 

r 

jj — the current in thq preceding <^il 
and in the trail in^ommiftatf‘r connector is 
• j-the current in„the following coil. 


r i • V 



Fi<;. 'fho short eirciiit 

of a single a)il. 
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'Hiere must now be introduced the ohmic loss of yolts over Jthe 
resistance of the short-circuited coil AB and its commutator con- 
nectors, and ovjer the brush contact resistance. J-et r be the resis- 
tance of^he coil 4B, and be the resistance of one commutator 
connector, e.g. BI). Let the contact area between the brush and 
the leading sector be at any time during the period of short-circuit 
FJ, and simultaneously tliat Ixjtwcen the brush and the trailing 
sc 3 (:to‘r 1)0 FJ'.^ Tlie contact resistance of eithdr jX)rtion is equaHo 
its si)eciftc .con tact resistance per square inch divided by the area 
in square uiches. .and it must l)e borne in mind that the specific 
contaol resistaii^;e of the two portions need net necessarily be 
precisely* the sai«e,. hiH may deixiiid upon the currenV* density ; 
the latter may vary on tlie two sides of the dividing mica in relation 
to time, and if so the specific contact rosistance may also have a 
temporal variation. Hiaice if /v\' and aq; the instantarteous 
specific contact resistances of the leading and trailing portions re- 
spectively, the loss of volts over the contact with the leading sector is 

Alt' . j. * . Rk' ■ h r 

' .ry‘, and over tlie contact with the trailing stxdor is j} T~- 

^ u ^ u 


every ohmic loss l)e now r(‘C.koned as ifegative ; then by Kirchhoff's 
laws the algeliraic sumv>f K.M.F.’s acting round one short- 

circuit(!d section must be Z(!ro. The internal re.sistance witliin the 
brush o? tlie sectors may be neglected entiri'ly in comparison with 
Uie other resistances. The comphde e<piatioft is therefore 


I /(O -n -r, . r, - r, . I, 

or /•■,/' 

- ( > I ) ‘ji - t' /(') rj’ r.(i, | i,) 

The two expressions bracketed together in the last term of the 
above e(piation contain the* current densities Sy' and Sy" in the 
leading and tr.iiling sector fes^xic lively, so that ,*hey may alsp be 
put in the form A^.' . A* ' . 5 /', and it will be found that 
they are not without importance |n the problem of commutation. 
The direction if the fall of potrMtial by the three last terms entirely 
deJx^nUs upon tho algebraic signs which q, ij, and i are /ound to 
have, and*as these are determined in relat'ion to the short circuit 
' and not to the e.xtcrnal circuit, so also are the potential drops. 

The al»v)ve*'equatiAn in its general fonn is necessarily true of each 
and ev^ry coil at any point of time difting slfljrt -circuit, but will 
ag^in take certain special fortnk under particular conditions. WTieiq 
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as usual with carbon brushes, > 2b and several coils are 

simultaneously short-circuited by each set of brushes, there are 
three stages of th^ process — ^ • 

(1) At the beginning of short-circuit between I 0 and t ~ T-r, 

h 

the leading sector 1 is entirely under the brush and the trailing 
sector is gradually passing under tlie brush ; the areas of the sectors 
wlTich are cAvcred “by^ the brush are then FJ = ^practically 
where /j, — the joint length of a set of brushes measured parallel to 

t t ' t 

the axis of rotaWon, and FJ' — ‘ where 

1 b'.b^ r 1 

7*' is the total area of contact of one set of l)iushes. 


(2| Next from t — ^ ? 




both the leading and 


the trailing sectors are conij)letely covered by tlie brush, and both 
areas FJ and FJ' -- 

• / 

(3) I'inally towards the end of sh»rt-circuit from t 7( 1 - ^ 1 

to t ~ T, there is a stage whem the leading sector is emerging from 

T - t 

under the brush, and hj , .iilfl IJ* IJ). 


When . 21) but is ' • h, the intermediuie stage disnppears. 

Finally, when b^ - h, the area of contact betw’een brysh anc^ ^ 

leading s<.‘ct(jr continuously diminishes as the ansi of c(aitact 
with the trailing sector continuously increases. The diminution 
and increase proceed simullaneously and in correlati\'e' degree, 

• T t t 

so that — 1\ . — - and h J' - hurther, in relation to 

the single coil of Fig. 34t>, i' is then - • J and i" -- J, so that 

I, : i { / and i J . 

§ 6. The ideal case of linear commutation. I he ideal casti of 
commutation may lx* regarded as that in wliich the varying current 
i when ])lotted in relation to time yields an inclined straight line 
passing from the full normal value \^J to the reversed value - / 
with a constant rate of change - 2j,jT (h'ig. 347), «o that its 
instantaneous vi ifti e at any time t is 



• * 

WJien this is the case, it 'ils(3 follows that sj is always “ ^JjF^, and 
s/' “ ’-2JIF^^ where is the total area of contact of one set of* 
brushes. The signs of the current densities ate thertforo^ different 
in relation to the ^rt cirfuitt but their numerical values a» equal, 
^nd in ea^ case this is equal to tliecionnal current density if 
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the current 2 J passed uniformly ttirough the area F^. The character- 
istic feature of such comnvitation is then that the current derftity 
over tluv brush face is throughout constant and uniform at its 
normal yahu;. Tlui specific cdntact resistances Rj^' and Rf/' must 
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per sq. 

inch 

25 
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Volts 



therefore, lie alike and e(|Mal W the normal specific resistance /?*. 
and the diflerence of potential lietween tlie brush and the sectors 
when plotted ^n relation tt> titne'yiefds a straight lino similar to 
that of the currewt density as shojAii at the foot of Fig. ^347. In 
const'quenee the two expressions in the bfacket of equation ( 17 ^) 
cancel out, showing that thr^ normal brush contact resistance 
A\ A’ although affecting total voltage of the machine, 
has iiiMer these' conditions no effect Svbhtever t£^pon the process of 

comnuitatiiui. « * * , c 

* 
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Further, ihj watt density is uniform, and tlie loss of watts over 
the Inrush contact resistance has its minimum value.* 

§ 7. The reversiiig field required for linear commutatioiK—Wlien 

there are several coils simultaneousfy short-circuited, let i# still be 
assumed that in each case the change of current from -j- J io -J 
is a linear function of the time, so that the rate of change, not only 
in coils A, B and B^, but also in coils A^, A^^, . . . and coils 
B^,*B„ . . . (?tc., is 'constant and throughout the same in eadi 
' -2JIT. Then the fe.M.F. from the mutual inductance with 
the coils simultaneously short-circuited is siinjdy additive to the 
inductance of the •considered coil A, and * • 


- ( + ..^0 




( / -I - A) 




V 


Assuming '/ \-I!- to be constant, it is now of interest to consider 
what must be the value of the extermj impressed F.M.h', as a func- 
tion of the time whicli will jmxluce such a straight-line cliange of 
current ; this, which may bff regarded as the correct value, will 
be symbolizt'd as /(/)<.. It has alnxidy b(‘(‘^ shown that in stich a 
<’ase the two last terms of (179) cancel out. Wlien sevcnal sectors 
are covered by the brusli tlu^re are three stages, as e\])l^ined in 
^ 5, and corr(‘spondin5 to the dilfereid vahfes of the brush contact^ 
areas witli the leading and trailing s<‘ctors, tluj current in tlu; feading 
and trailing commutator connectors ri'siwctively will be first 

b . t .h . ' 7'- i 


2/ J , and lastly 2J . 


2J and 2/,^. , then 2J and 

h • 

* • 

The current i in the coil is now tlir(ni/;hout 2/ 
from equation (179) 


7 


and 




Thence 


(I) between t 

V. 


0 and / 7 


2-. //) 


m. 


{2) from I i 
we find 


T 








Vf 






y ^ 2 > 


in the same w'ay as above 

• • 

// 
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(3) from 7^1 t ~T 

“/(o, - -iij ’■'[r (' -6^)]! 

Corresponding, therefore, to the three stages, the reversing field 
should h.'jve three portions of different slope (Fig. 348). 

• From the initial and final values of /(/)<., namely — vj 



• ,( '/ -I- 2’.// r b ) 

■“■'1 f '^2''''*,) 
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I'K;. 348 * Kcvcisiiij' K.M.l’', nnj^hml for 
linr.ir coiuiutitatioii. 

we obtain ;»n averagi* e.xpression with uniform s1o|H', as shown by the 
dotted line (I'ig. 348), for which tlie eviuation is 

/ i r. // li l\) 

- r - 'nr.)!' • ■ 


/(O, V 


(180) 


where A* r f 




This liolds strictly when : 26. and the intermediate stage 

disappears. 

If the brush width is les.'^ than or equal to that of a sector, or 
the currents in. the leading and trailing commutator 

connectors become respectively 2/^- ^ and - 2/ .y,; the same 

equation theiq results, save tho^t have . // instead of Z , and 
R\sr\2r,. 

^ ^ evidently ihc average value of the E.M.F. ffom 

self andanutual inductance, lOr ftie constant instantaneous value 
which rt'sults when the commutation il^ actually pn^fonned uniformly; 
it may therefore l>e called t\ic “ inductive voltage '* as .opposed tc 
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the ohmic voltage JR. The density of the main field from the field 
excifetion or df the reversing field fron^ commutating poles, with 
allowance for all the reacting ampere-turns of the armatyre save 
those of the coils actually undergoiitg short-circuit, ouglit yhen to 
rise in an inclined straight line by an amount pn^portional to JR. 
The sign of the correct commutating field at the iK'ginning of short- 
circuit may require to be either positive or negative, according as 

- IS greater or less thcyi — ; usuaUy-^is tlm lesser quan- 


tity, so that the impressed field density must be tbronghuid negative * 
or reversing. At Ihe beginning it balances the difj^Tence between 
the inductwe and ohifiic voltages, and at th« eod#t balances tlieir 
sum. • 

The above assumes that H. // is constant for any one coil, 
and tlferefore that it the same for each ('oil which is simultaiK'ously 
short-circuited. This assumption is not strictly correct, ('specially 
in the case of toothed armatures with sevcTal (ahl-sides in each slot, 
when the short-circuit curves cannot be cxipctly alike owing to the 
different })ositi(.)ns of the coil-sidc's relatively to tlu' commutator 
s('rtors, But the curve of tlu* commutating field must in any case 
he smooth, and cannot have abrujit changes of inclination, .so that 
only an avi^rage adjustment of it is possible. A more correct shape 
for it in the case of a numlx'r of st'ctors simultaneously short-circuited 
can l>e theoretically (Wdiiced, but its closc'f determination is not 
(»f practical vahu' oving to the many s('Condary efh'cts from ftniwr- * 
feet bnisli contact, (»s('illali(»n of the field, etc., that enter into tlu^ 
problem. Tlu* (‘(piation (180) and the value of the correct reyersing 
deiij^ty for Uie resultant t'u'ld which can he. tlu'iu i' deduced arc, 
how(;v(T, sufficiently accurate to be of value as guides in juactical 
• •work. 


§ 8. The importance of the case of linear commuUtion. -Wlien 
the compK'xity of all tlu* minu'rofis secondary effects an; Uirne in 
mind, to securt* siu h an absolutc'ly exact halan< (^ betw(*en /{t)^ 
and the inductive and ohmic voltages that the cunent does actually 
follow a straiglit-line law of ( hange could only he tlu- rar(‘st of 
accidents. It may tiurefort; be asked^wlu'ther tlu* c.ise of linear 
change, although ijeally the lutst for coiTumitaticiii, deserves sjxicial 
consideration fron>a practical j)oinf of vh'W. The answer is that 
in all ciises when it is» not fulfilkul life (juantity R^' . sj ] Sy* 
comes into play, and it will lx* Touid that this lias, the effect of 
checking ^any divergeiu e from yhe straight-line*law, although it 
ma5i be perhaps to only ^ small extent. • 

It is, howevw, evident that any such effe( t must dejx*nd on the 
law governing R^ in relation to cuitentrdensity. • A digft‘.ssM)n must 
therefore now* be rrj^e in dl*d(f to investigate the sjx*cific cdfitact- 
r«sistance crf*brushes. This will lx; cotisidered from the point of 
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view of ordinary working conditions with constant current-density, 
as .well as from the special tj)oint of view of rapidly varying curftnt- 
densities as a necessary preliminary to the question of how far 
the coru'ctive effect mentioned above can be realized in practice. 
In the latter coniK'xion it will be found that a marked distinction 
exists bidween met.dlic brushes of cop[x*r gauze or brass leaves 
and those of carbon. 

.§ •9. The contact-resistance of copper brashes. The speeific 

contact -resist/incir of ITushes jKT unit area of bearing surface is 
' aff(!cted in;gen( lal by the current-density, the pressure, the peripheral 
speed, of the (M)mmutator and llu; state of its ‘ urface, and more 
esjH'ciaUy in tlu^ ^asy ofccarbou brushes by the direction of^+he current 
an<l by the temperature of the working surfaces. The effects of these 
various conditions have been investigat<‘d by a number of experi- 
menters, and espi'cially by Professor Arnold, from whom the 
following rt'sults an' mainly derived.* 

While the true specilie resistaiu'e of tlm contact between brush and 
commutator when the Matter is stationary may be taken to be a 
constant(|uantity, giving a drop of potential which rises in a straight 
line with increasing curnmt -densities, in all cases the actual curve 
of the difterence of |>otenlial wlnm the commutator or slip-ring 
rotati's bends over as t’lu* current-density is increased, more or less 
sudd('n^y or gradually a<Tor<ling to the nature of the m.iterial. 
This shows that the apparent contacl-n'.s;.slance on a rotating 
•surface progressively decreases as the current -demsity rises, and 
it is tlu' vahu' (»f the specilie running contact-n'sistance, or A’ defined 
simply as tlu; (juotient of the loss of volts divid(‘d liy the current- 
density wlu'U the dyn.uno is running, with which alone we are con- 
cerned, the true spt'cilic ('onlact-resistanc(' having but little interest 
in practice', h'nrilu'i. for a given pressure and current-density 
the specifu' ciuitact-resistanci' is always gn*ater when the commutator 
or sli[>-ring rotat<'s than when tlu'y art; at rest. 

Taking fust the (ase of n*f'p>er l)ruslu's. it js foimil that with normal brush 
pressures and toiulcuuis ot .surlaie the <nntaot resistance with a rotating 
comnuitatof dccrea.ses but slmvlv after .i current density of alxuit 40 arnjH^res 
per .s«|U.ire itu fi is exceeded, .and grailually iH'Cornes .dinost l onstant. It is 
practically ipde^xMident of the iKuipheial .spe<-d when once this ha.s passed 
a low vaiiu', but this result is of course' tlepmnlent ujon the commutator 
surface Ixnng smooifi, .and its runlur.g free from vibratuni so that there is no 
correspomling vibration .set up in the brush holders. Increase of the pres.suru 
for any given speed causes Udter cont.yt and decreasi's tlie resistance. 

Coming to nujnericaf data. with»cop‘jx r brushes a density of 40 amperes 
sipi.ire inch is almost .iKvays excei'<ied. and 200 amjieres jier s<iuare inch 
may Ih' regarded as' the maximum limit. The ^vripheral speed ot the com- 
mutator IS sometimes as high as 3»^^>0 feet pi’r minute, but preferably tJoes 
not I’xceed 2.S00 ft. [vr minute, aiul in all ca.s<‘s the lower itSvSpeed the better. 


1 Fo carlxm brushes. s<*e also esjx'c ally F. Hmiter-Urown, “ Carbon 
Hrushes.” Journ I E E . Vol ,S7, p. 193: and Miles \vklker. Xhe Diagnosing 
of TrottNfs •« EUyirual .l/rtcAiwf-.':, pp. 302 8, * ^ 
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In a good dynamo running under ordinary conditions, the brush pressure 
should range fr(»n to If lb. per scjuarc incl^ol contact area ; tliis may Iv 
tested by noting the pull required to lift the brush fr«)m the comimitivtor 
surface with a smal^ spring balance. Kven under nomuy comMtioris tlu* 
s|K-cific contact-resistance of copper bru#h<‘s shows gn\»t variations; on a 
slip-ring it may fall as low as 0-(M)02 or on a commutator to () (HM)7 oiiin pt i 
square inch, while, if the ]x»riods of vibration of the rommniator and brusli 
holder happen to coincide, it may Ik* as much as 0-b025 ohm per scpiare iiu h 
As an average value for h'f. may lx taken O tMIlrt, and in no ca.se is it likely to 
.exceed 0-003 olim per square inch. 

§ 10. The contact-resostance of carbon bi^hes un^er ^manent, 
conditions. — The specific contact-resistance of carbon brushes falls 
much more rapieWy with increasing current-density' than that of 
cop|)cr bitiishes, and,* after a medium current •density is feacht'd, 
almost in inverse proportion thereto. The curve of fall of potential 
in relation to current-density therefore bends over fairly sharjily 
and becomes nearly; flat. It re.sembles an efiuilatiual byixTbola, 
becoming asymptotic to a limiting value. Tlu; j)assag(' of the 
current between bnish and collector thus dilfers radiially from 
true metallic conduction. On a smgoth ^^lip-ring the curve for 
A/^ after reaching a maximum may even slowly descend with 
increasing current-densities, showing that AT is then dicn'asing 
faster than the current-density is rising.^ This pbenoiiKuion is 
closely involved with the projH'rty of carbon, by which its resist- 
ivity falls as it hicomes hotter. Owing to the nc'ft.itive temjmTature 
coellicient of the carlv^m, as the current - d^n si ty is increased the 
exi'Jenditure of energy in heating the contact is checked ; and this 
effect can only be eliminated by artificially maintaining tin* com- 
mutator at a constant temperature. I'hii tnie fall of reJMstalua* 
will* increasing^urrent-density is to be explaiiK'd as mostly due to 
the small carbon partiej^'s which aie worn off the brushes, especially 
•under a high current-density, when a blackening of the commutator 

surface results. A more intimate contact between brush and 

• 0 

commutator is ol)tained by this wearing away of the carboif, which 
proceeds rapidly when the brush is heat(‘d and, becoming softer, 
disintegrates more rapidly. ^ • 

Increase of the pressure lowers the contact-resistance, but the true 
effect is again partially masked by the f;b't that the incrc'a^ed friction 
loss i;^ises the tem^Tature and assists^in loweiing J^ut as soon 
as a pre.ssiire of aUnit 2 lb. |)er scpiare inch is r(*a( bed there is little 
further improvement, ’and the pressure that ( an be advantageously 
employed is strictly limited by theW(iianical friction a»dcons(‘quent 
heating that results. 

Tiic alteration of the ccJoling powe^ of the slip-ring or commutator 
is also a disti*»I)ing factor when the effect of different peripheral 
speeds is to be examined. 

A curv^e connec^ng sp^ciffc contact-resistance with current- 
density .showfd therefore presuppose tifher that in every case the 
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passage of a given current was maintained long enough for its 
coriesponding constant c«ndition of temperature to have feeen 
reached .’vith some normal peripheral speed, or that some given 
temperature siicl\ as may hi found in practice is artificially 
maintained constant throughout. 

Tlie temperature of the contact is thus a factor of the greatest 
importance, and Professor Arnold found marked differences in its 
eff('<1 between different varieties of carbon andrbetween the positive 
and niigalive Ikushes. * Between temperatures of 20^^ C. and 35"^ C., 
or say 70”d‘'. and 95 * tluTe is no great change, but beyond this 
poird, there is as. a general rule a progressive and more or less rapid 
fall, whiih is esjvfcially' marked when the ctirrcnt flows fr,ym carbon 
to metal, i.e. at the m'gative ])rushes. K.g. at tem,peratiires of 
55" C. (131" l'\) and 75" C. (187'^ P.) the contact-resistance and loss 
of potential at tlu^ positive brushes with a current-density of 35 
ampen's per sipian' inch may be respectively only about 88 and 50 
l)er cent, of the value at 35‘'(‘., while at the negative brushes they 
may lx; only about 70»and 25 j)er cent. Efficient ventilation of 
th(! commutator to keep it cool is therefore of gr(>at assistance in 
suppr('ssing s|)arking, and this is amply borne out by the well-known 
fact that mac hines which'when cool run (juite .sparklessly, yet may 
begin to give trouble' w'hen tlu'y become hot after a prolonged run. 

At K^v lemperatjires tlu' contact-n'sistance at tlie anode bnislics 
(negative brushes of a»dynamo, positive of j motor) is. as a rule, 
"greatet than at the' cathexle* brushes (positive in a dynamo, negative 
in a motor), but at high tempc'rature'S tliis is often rt've'r.sed, s(» 
that th^' e'urvi's intex'se'ct. The divergence between -f' iind - brushes 
ni.iy be' as much as 50 per cent., but carie'S nuicl;, with diffe^'ont 
(jualities i>nd diflere'nt temperatures.'^ 

A. Mauduit ^ol)served no noticeable differences between the voltage ,, 
drop unde’r 1 and - brushes, nor between the voltage limits at which 
sparking beg.en, but he found tlutt as sex)n as apprixdable sparking 
occurred, while the sparks were drawn out Ix'yond the brush tip 
at the aiuxle brushes (negative of a dynamo), they, as it were, 
retreated inwards under tlie'cathode brushes (positive in a dynamo). ^ 
so as to become nearly iiwcsible, and gave to the commutator a 
characteris^ic black rougluSied surface. In this phenomenon he 
finds the explanation of theSisual observation /hat sparking and 
bad commutation occurs soefnest and to a greater degree at 
than at | brpshes in a dynamol'l although in reality the damage 

‘ Cf>. Arnohl i\nh t’htfnor, Arbt'itt'n hus df'm flektrotechnischen^InstiM tu 
Kar/.sri/Ar, Vol. 1. p. 299. ^ 

« Cp. Jourtt. l.E.K., Vol. 57. p. 223. 

* Rich^rchfs f vphimeHtalfs. rt Thforxques stir la Commii/a/ioM, p. 220, 

* Cp. yotint, I E.F... Vel 57. p. 219. for somewlWt similar phenomena 
observoU m rtlation to motor brns*hcs, ami ttve explanation thcV«» put forward. 
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done to the ^commutator is the same by either form of spark. 
The lengthening of the spark under higlf inductance luitil it reached 
across a mica strip from sector to sector and thereupon beanie of ’ 
white colour and destructive was observed with negativif boLshes 
of Le Carbone’s former QS^ type, although this iypa in itself was 
found to possess a special powder of quenching a spark of small 
energy. . ^ 

The conditfbn of the metd nibbing surfa(;e has conydei able effect. 
If it be newly polished, the contact-resistance is low ; as.the suifac(;^ 
becomes oxidized, and acquires a brown skin, the resist ance ri.ses. 
But on the other* hand, when blackened by the presence of small 
conductinf^ particles* of copjXT, the resTstmu^ falls. 'Though 
blackening fs to Ixj avoided, a commutator should be allowed to 
retain the dull brown colour which continuous running w ill produce 
in thf absence of sj)grking. An oily surface may moii' than doubles 
the resistance, esixicially if the current-density be low, but must 
be strictly avoided owing to the danger of carbonization by sparking. 
Paraffin wax, on the other hand, aiyiouf^i in itself an insulator, 
when used sparingly and thoroughly spread on a warm commutator, 
has little or no effect on the lf)ss of volts under avt-rage conditions ; 
it very much reduces the friction and nois<iof tlu' carbon bruslu's, 
and is therefore frequently used as the basis of commutator 
compounds. ' * * 

The effect of sjx'cd Itas been left to the lai^t on account of i\^ great, 
importance, and in this connexion the two cas<'s of the sin«)oth 
slip-ring and the commutator must be clearly dislinguished. Jhe 
former shows lower contact-resistances which are j)racticaliy inde- 
l)erulent of thc^jx^ed (idthough with some tendency t(j increase at 
higher s|K‘eds), and Qi)rrespondingly higher curr(uit-densiti(.*s are 
l>ermissible than in the commutator. The reason for the difference 
is to l 3 e found in the faej that, e\^n with a ct)nuuutator which may 
Ik‘ regarded as practically smooth, carbon brushes are jx rhxlically 
subjected to momentary vil)rations as they pass the mica strij)s 
dividing the sectors. The natural ela^^ticity of *1110 copj>er gauze 
bnish suffices to take up the minute mechanical shocks, but the 
unyielding carbon brush is kept in a sfitc of continuou^i vibratitjn. 
In consequence iIk; curve connect in^.dl'c^loss of })otentiaI ov'er the 
contact with the turrent -density does not so (piickly l)ecome flat 
in the case of the comfnutator jp the case of the slip-ring. In the 
latter the potential difference tetw(k;n brush and ring, or Rj , . s, 
reaches a«maximum at which wirtiin wide limits of vurrenf-donsity it 
remains nearly constant, and accordjiig to the nature of the material 
this constant k/ss is about 0-75 volt with hard carbons^or 0-45 volt 
with very soft carbons of high conductivity. But on a corrftnptator 
the curves usually continue" to show a gradual increase with 
• ‘ Prof. F.^. Baily and Mr. Cleghomc, Journ. LE,E., Vol. 38, p. 158. 

6 — < 3065 !) 
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increasing current-density, and for the same varieties, of carbon^ the 
hgiires would rise, say, toV5 and 1 volt respectively. 

But the reahdifference is ratl^r that with the commutator 2, 3, or 
even 4 volts betw6en brush and commutator are easily reached with 
sparking hardly, if at all, j>erceptible, the amount increasing as the 
sp(!ed is increased and the pn;ssure weakened. If the commutator 
surface is rough, or untnu*. and the brush-holders arc insufficiently 
danijX'd, this <j|ffect is ni;igniti(‘d, and if at spme particular speed The 
► natural jnvitjd of vib;*ation of the brush-holders cf)incides with the 
|M:rio(l of tfie shocks it reaclurs a maximum, and the loss of volts may 
l)e 6 ^r^inore {6p. §29^. 'l lu; same effect im^y In* imitated on the 
slij)-ring l)y so w'Aglfting the brush-holder as to produce r<?sonance at 
the parti('ular speed (rmployed. In practice it is geiferally found 
that the lighter the moving parts of the brush-holders are, the better 
for all ordinary conditions of sp('ed. h^ven with the same peripheral 
siHied, the higher the actual number of revolutions p(*r minute tlu; 
greater the likelihood of vibration, so that small high-s])eetl machines 
are more liable to give troubluthan large machines with commutators 
of large diameter running at a low number of revolutions per 
minute. * 

Tims a continuous-civ'rent dynamo with its commutator may with 
but little exaggtuation be said to run always with its carbon brushes 
in a stfige not far^ removed from incipit^nt arcing^; owing to the 
(Slight ,»)er<'u.ssion of the brush as the sectors*' pass beneath its face, 
even when tlu' commutator is practically (juite smooth and sparking 
is not p('rc('ptibl<*, higher dith'reiu ('s of j)otential are j)ossible than 
art' fotfiid expt'rinu'iilally vvith slip-rings. 

With carbon brushes a pnssure of 1} to IJ lb. per stjuare Inch 
should suffice, although at high |x*ripheral sfreeds over 2(MM) feet per 
minute where there is vibration, it may become nect'ssary to increase "■ 
it to 2 lb. ])en stjuan* inch, h'oi; periphetal sptrds from UKH) tt) 
2000 fetft per minutt', and avt'nige v.ilues of the brush pressure from 
1 J to 2 lb. pt'i* S([uari' im h, lug. ^t49 shows for hard and soft carlH)n 
brushes tilt' value.'t of the sjxr ilic contact-resistance which correspond 
to good coiulitions of working <m a smooth ctimmutator without 
sparking. »Th(' full line cip ves presuppose that the running is 
maintained long enough fpr tVe, constant temjx'iilture to be reached 
that is projH'r tti the particular current -density^ while the dotted 
curves indicate the effect of a cojijimutator wbieh is maintained at 
tine and the* same constant ' te!utK'rat\ire corresponding to the 
current-dtj'nsity al which the curves cross. , In the curves of Fig. 349 
the values at the f and - bujshes have been a\'eraged, and it 
will be scen^that for normal ciurent-densities, suclf Us from 30 to 

‘ ItT las iH't'n suggested that even when tl^e col!octi^‘n is sparkless, it may 
in (art U* proceeding by minutt>,arcs ot insuflicient energy to U' visible to the 
eye {cf>. Pr. M. Kahn, V^’. 57. p. 222). 
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40 ajjiiperes pef square inch, the specific contact-resistance under 
ordinary conditions of pressure an(i^ temperature may be taken as 
varying between 0 08 and 0 015 ohm, yr on an average Sor [^O^imperes 
per square inch and hard carbon l)nishes, R^. 0*08 ohm. * 

Ohms per square inch 



Volts lost over two seta 
of bmshea (+aad-~) 



350. -- of volfs ovri^ two sets of <.arlKjji hrushfi?. ► 


In Fig. 350 ate given curves of the loss of vol^^s f)ver two sets of 
brushes {i.e. positive and ny^a^ve) for different kinds of Ca^Jx)n, 
and with an aljowan^jor about of length down the two carlwns, 
thft commutator being assumed to have reached its final natural 
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state of temperature afterprolonged running at eachc^rrent-deq^ity,^ 
They may therefore be used to determine the total drop of volts 
and loss of vfatts over the l)$ushes and commtitator so far as the 
current-density Is uniform over the contact area. 

Although the selection of the Ix^st grade of carbon to suit given 
conditions of voltage, current-density, and sjK^ed is to some extent a 
jnaitcr of (?xjx‘rience proceeding by trial and error, yet it ma^ lx; 
said that foft voltag(;s#of 250 and upwards the coarser and harder 
(non-gra|jhitic) varieties, such as Battersea carbon Link A or Link 
C, or L(; Carbone E or 5, with dimsities of 30 to 40 amperes ix;r square 
inch* iij general^ive f^)od results. With the i^dmixture of increasing 
|H;rcentages of graphite, the brusli becomes softer drtTi more con- 
diictivi;, but its contact-resistance is lessened. With*low voltages, 
favourable conditions, and in ca.ses whel'e it is im|x;rativc to .shorten 
(he commutator as much as possible, hard grctphitic brushes, such as 
ltatt('rsea ( arhon lank />, Morganite Link 1, hard Morganite Link 
///U3, or Le Carbone HH are frecpiently used with current-densities 
up to 05 ani[)etH‘s per s«|m#;e inch. The dcclrographitic EG series 
of the Morgan Crucibh; Co. and Le ( arbont; A', KG, and Z grades 
are artificially graphiti/.<‘d by being baked in an electric furnace, 
and an* aUo us(;d for 50 to 65 anij)eres per scpiare inch. Other 
grafLitic brushes, such as the LEG series of la; Carbone, are again 
softer* and as tlfe content of graphite is increased, we approach 
natiual graphite, 'riu* thermal conductivity of grajihite (wlK'ther 
natural (tr artificial) is higlua* than that of carbon, and in this 
resjx'ct the grajihitic brush is at an advantage, inasmuch as it can 
condilct away mort; (luickly the heat (h'Vi'loped by any un(‘{[ual 
(urrent density which is highly localized, before •’the tenii)eftiturc 
readies the glowing point and disintegrfltion begins.- But the 

‘ 'riu' intcnju'di.ilc < iirvrs for soft rUs:trot.;ra])hitic hriislu s of I.o Carlxjne 
X ijiiaHty are derived from I’rof. l-fCi. Hady 1\nd Mr \V. S. 11. Clt'f'horno’.s 
e.xix'rinu nts I.li.l!., {(h . t it.), who dedm od a.s an cunalioii for thi,* loss 

of volts over two sets of bni.shi'S, jMJsitivr and evpressinjj clo.s<-ly 

the shape of the « i'rvc*s ami the i-ffect of different pri ssures 
(amperes jht sq. ineli)** ®^ 

«. I t 0-88 

where /> i.s*lhe pressure in lb. f«<‘r Sijuare inch. 

Ih'tween 20 and H5 aigyn-n*? ,|H'r square inch, ftie loss of volj>s ov'er 
positive and negative Inrushes ai conlin^ to the SociCtt’l.e t'arlKine (quoted by 
J. Kerelman, de la CommultUton) may 4)0 taken appro.vimatoly as 

2/;^ for their braqd /T/’t', 

* ® - 0-066 f fd (carbon niixisl with coyjK-r) 

while forMow current-densities * 

2E^ - 0 035>„ for U 'L\ 

Y 0 „,CG4. 

Stirh expressions are sometimes useful* (or (tetailed calculations, even though 
only approximate. ^ ^ 

e 

• P, Hunter Brown, Journ. fVol. 57, p. 196, 
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softer j^raphitic bnishes m\h a low friction cwfbcient disinte^^rate 
more* readily, Blacken the commutator, mid in proportion to thinr 
increased conductivity op|X)se less contact-resistance^to s|nrking ; 
further, they should not be used wtien SL‘veral j^'ctors ar* to In': 
covered by the bnisli simultaneously. They inav therefore be 
ref^arded as intermediate between co]>|ht and tlu; hardiT varieties 
of carbon which suppress sparking more thorouf^hly. 

Vfirioiis typoii of bnfshes hav’e also been brought out. in which ‘tlu* 
high conductivity of coIukt has been conibined w*th ^the high 
contact-resistance of the carbon brush to a ibore or (‘Xtent, 
by mixing carbon* and copjXT in v'arious ])roport^ons as ii^ the 
CopiHT-Morj^mite TiiiR CM series, and the (♦(/ iin^ M(' gmdes of 
la; Carbone, •iiio latter are only suitable for tlu' most favourabh; 
comlitions of very low va^lUige, or on slip-rings, wlure ( oninmta- 
tion (l*es not t'liter into the jiroblein and (urrent densities of 150 
amperes per scjuare inch or over are recpiired. 

§ 11. The contact-resistance of carbon brushes under rapidly 
vaiying currents.- -So far the elfect d viirious current-densities 
[XMinaiiently maintained has alone been considtaed at huigth. Hut 
during the running of a dynamo or motor the carbon bruslus are 
subjected to a V('ry rapid se(juenc(‘ of varying curren1-(U‘nsiti('s in th<^ 
(lilfeK'ut portions of their surface, the se(juence being cr»ntmually 
rt'jx'ated as the sectors jiass und< r and away from*the brush(‘*. 'i he 
eftect of ra])idly varying •urreiit-densities u|)oi>tlie contact resistaiiv'e 
ie(pures, therefore, to be considenal, and this has been invi'siijated 
by passing a |K‘riodic alternating or a pulsating curnait through Hie 
brush into a rotating ring ; the simultaneous momentary vabn‘S*of 
curn^it and volt^ige acioss the contact-surfac a* are tluMi obtained, 
so as to determine ('(yresponding v'alues of tlu* instantaneous 
nirrent -density, and of tlu; sjiecihc ( ontac t-resistaiu c. riu* curv(‘S 
so obtained do not repeat the full line curves of Idg.^349 for long- 
continued curnait-densities, but as might be <‘\))ected roemble 
the dotted curves, bor a givaai virtual i‘uin nl-d< nsity the resist- 
ance when the current falls to lower values is lowetthan for similar 
constant current-densities, owing' to the (aibon being really at a 
^higher tenijXTature than wouhl (orreijxmd to them, while for 
instantaneous densities above the virtual value the resistance is 
higher than for similar constant cflrnait densitie s owing to the 
carbon lx*ing co<;ler. • Further, tho/exjxriments of Dr. Kahn 
and Professor Arnold have showtf that the curves i^ relation to 
instantaneous current-density ink‘is<'ct the curve.:* for pt;rmartcnt 
current-densities at the priint of the^virtual current-density in the 
alternating cas«^ i.e. where the square nxH (d tlie mean .square 
of the instantaneous current-densriit*s is equal ^o the Tonlinuoiis 
current-density. Th^virtual^ ur^t-nt-densily or R.M.S. value mllrks, 
in .fact, the f>oint of equal heating effect over the contact area in 
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the two ca.ses. Tlie curves are also independent of the periodicity, 
so lonf' as this is high. • * 

§ 12 *1116 .general effect of the current-density and contact 
resistance.- We jre now in a position to revert to the consideration of 
the effect of R/. s,/ h Rk- in equation (179). It is evident that 
if a true [)liysi(:al law could be formulated to express the connexion 
bel and .s'„, a number of interesting mathematical deductions 

t'oiild b(‘ made from the differential c<iuations of *(179). Ui?for- 
tiinately ;io sm b delinit(^ law bolds in practice. Thus for different 
curn'nt-dhnsities permanently maintained, 7^*. is not a constant ; 
witbqbe commjitatorartificiallymaintained tbroiighoiit at a con.stant 
teinpeddure ittinwy l^- represented approxiifiately oveusome range 
by an ('qnation of the form 

a • 

R, 7 I ^ 


where a and h ’aiv constants, and the curve is a rectangular hyperbola. 
The loss of volts w'ouhl then be /v\. . s^^ - a 1 i^ would 

ris(‘ as an incliiK'd straight line. But it is evident that any such 
law cannot Ix' pnssed vwy f.ir, sincv the curve of loss of volts does 
not cut the vertical axis bid passes through the origin ; again at 
very higli current'densities it does not progressively increase, and 
R^. (hx's not beco'ue ('onstant but still continiu's to fall. Thus it 
is more nearly true to say that the curve o/ th(‘ drop in volts in 
relation to curnuit-density is an ecjuilateral hypi’ibola ‘ approaching 
asymptotically to a maximum value w'itii a law Ef, 

R-mixx * ” wlu'K' c is Ww. cuireut -density for which Ef, -- J Rmai- 

I c # t 

It can, howevi'r, in general be said tlyt witli carbon brushes 
w'hen the current-density is increased the contact-resistance doesf* 
not fall cjuite, in iinause proporUon. so tljat on the w'hole the drop 
in volKs w'ith a higlu'r current density is greater than with a low'er 
current-density, vet on the other hand that the contact-resistance 
does fall Ncry rapidly so tlyit tlu‘ curve of the drop in volts gradually 
approaches a limiting maxinuun. 

BeariUj^' in mind the fuM of these geiK'ralities, let the simplest 
case be considered, when /q ^ /»,„ ■ h and only (ifie section is short- 
cin uited, and let tlie curVent-cluinge diverge frofl) the straight line. 

§ 13 . Divergence from linear commuCation.- The cases of 
divergence from a uniform pate^)f commutation may be grouped 
unrfer four priiwipal kinds. , 

(1) Ketarded commutation, yielding a curv’e w’hich when pUitted 
as in Fig. 351 from a starting-point of J is on the whole 
convex^. 


* A Mauihiit, fuihert hfs et Thiori^ifs sitrjla Cotfttnt4iatiott, 

'2S6. ^ 
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Suppose that at some time / seconds from the commencement of 
slio»t-circuit the current in the coil hc^ not fallen hy its correct 
amount proportional to /, then the current-density in leading 
sector fj/^'u'*is greater than that in the tii^iling secVu' x/ 

J 2 d'he former is positive, and the latter is negative ; for 

simplicity's sake it is best to regard the densities in tltemselves as 
having no sign, since we are not here dealing with tluan as continu- 
oi 4 »ly \'arying (|uaiUities, and to add their signs wlien recptirul. 
Hence the expression fn the bracket of hpiation 1(179) IxTomes 
Rk ■ Rk"- ‘‘i/- 5^ince tile specific contacf-rt‘sistanc('! of carboiT 
brushes d(.)es not much as in inverse proportion to th(' cyrK'ut 

density, there resultfi a positive differenct.^ the ^fall of potiaitial 
between s('(^or 1 and the lirush toe l)eing greater than that between 


Amperes ArapeiCb 

+J • +J 



sectot 2 and tiie rest oftlu^ brush. Hie djlferiMue of jiotenlial which 
thence arises /> {RC-sJ A\/'. .s'u") is llius a ficf^afivr IC.M.F. 
in n'lation to the short ('in nit orV'ts round the cin uit in tjie nega- 
tive direction against the old current, tending to reduce its value ; 
c.g. in f ig. 346 the f!..M.f'. in (juestion which i> solely due to the 
uruHjual current densities in the two j)ortions of the brush would 
be directed from I) to C through the^oil HA. 

Thus the unec^ual brush contact-resistance acts as* an outlet 
through which th« stored energy nfiy expend itself in heating not 
only the coil, but also the conimutatbr surface ; while after reversal 
of i it is the means by which tln^eiu-rgy that has to, lx* re stored is 
derived ^^om the electrical output of the rest of tl^e winihng, f*>r the 
voltage of the externaf circuit is during this stage tfmtwrarily 
lowered. 

(2) Accelerated commutation, giving a concave curse (Vig, 352). 
In this case the (^rrent ifi tfie .short-circuited coil is too Quickly 
reduced, ayd the density in the leading#>ector is less than that in the 
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trailing sector. In relation to the short circuit the former is positive 
and the latter* negative. so/:hat the expression within \he bracket is 
. again Rt. opposed to the former case yields 

a negatwe differc^ice. The resfdting difference of potential A/> = 
' {Pk' therefore a positive E.M.F. checking the fall 

of th(i old current and op])osing the rise of the reverse current. 

(3) I f th(i current is at first actually increased in its original direc- 
tion above I ] (hif?- current-density in the trailing sectonso 

long as this is case b(?coin(!S positive as Well as tbat in the leading 
•sector ; in'‘ other words, the (‘.xcess current actually flows through 
the bi^isii from one side to tlu; other and round* the short-circuit. 
The two«expressi|^nfiimthe bracket have now fhcrefore ty.lxj added, 



t'lCt. 353 . IncnMsr of curroot 
in original <lin'ction. 


Ampeni. 

+J 



and it is A/> - (Rk- Pk"- which acts negatively to limit 

* the shorj-circuit current and to tiring it b*ack again to its correct 
amount [uoportional to /. 

(4) If the current towards the end of the |)eriod of commutation 
is over -reversed to a value above - / (Fig, 354), s,/ itself becomes 
negative as well as sj', andHt is again the sum of the two which 
is effective’ their corrective difference of potential being A/> — 
{ Rk ' s/ " Pk- and 'therefore positive or checking the 
over- reversal. 

Conibinatioiis of the above, lea«ling cases are also of frequent 
occunence.' the cyrve of t crossing the inclined straight line of 
uniform ccunmutation. In generators the <I:ase is often met witl^in 
' which the commutation is much retarded at first, and is then 
followed < by < over-r<fversal, due to the coil moving through too 
strong’a reversing field. * ’ ^ 

Thus if there Ik; any divergence from proportionality hetween the 



COMMUTATION AND SPARKING AT BBIJSHES 89 


change of current and the time, in every case whether of excess 
or dbftciency.'over- or under-reversal, th« effect of {]\Q*brush contact- 
resistance is to ke^ the current in each sector more^nearly prtjpor- . 
tional to the area of contact, and* so to assist, in pronn^ing the 
straight-line change which corresponds to a \inifonn curront density. 

§ 14. The amount of the corrective action.-^The next (juestion 
is, To what extent can the corrective action from the brush contact - 
re<fistance be* actuary relied upon in practice ? That is to* 
up to what limits can the voltage droj) IndVeen bru^i and commu- 
tator rise without sparking, when the contaetbesistamv 4s checking^ 
divergence of the .thort -circuit cimrent i from tlu' straiglit-line value ? 

With cryibon brushes it has already bcei» .slym-#! that tiie \’alue 
of Rj. . Sy approaches a maximum value, and this value may be set 
at about I volt for soft carbon to 1-5 volts or piTliaps 2 volts for 
hard* carbons. ^ As^ soon as such values are reached, tlie true 
contact-resistance is lost, and a spark is on the point of birth. 

With metallic, brushes there is not so definitely a maximum 
value for /v\ . but s])arking begins at aUmt 0-4 volts. 

Hence for the jnirpose of taking up any difienMiee between the 
actiud rev’ersing field and thecorrect field required togivi* a straight- 
line change ending at th(^ final moment with t * - j. tlu* elfecti\'e- 
ness of carbon bnishes is at least four timf's that of copper gauze 
or brass l)nisbes. • • 

With the latter, as t4ie armature curn^nt and in tlu' absence 

of commutating j)oles, the brushes must Ix' shifted in ordt'r ttiat th(f‘ 
reversing field may be very clo.s<'ly of the right strength to keej) 
the current-density uniform, and the corn'ctive action of tlie^gii^tact 
resintance can (^nly be relied on to pnweiit sparking wlaai the brushes 
are but little removed from the natural position of exact reversal. 
The proper setting is found in practice by shifting the rocking bar 
slightly backwards and forwards until a jxisition is obs^Tvabh* on 
either side of which th*e sparking Ix'comes gn'ater. In ;]11 cases, 
therefore, where the fluctuations of load are large and ra]xd, recourse 
must be had to carbon bnishes. Hut even a caibon bnish cannot 
l>e counted on to co|X‘ with more than about 15 volts diverg(‘nce 
without sparking, since mustiitself have some jippreciable 

value. • 

I 15. Comparison of metallic an!l*cai'bon brushes.- I he advan- 
tage of carbon over •metallic bnishes is in fact closely related to 
the normal loss of volts which#*occjurs with the twp ty|x*s under 
ideal conditions when commiftating jxTfectly ,with a constant 
current-density 2Jll\. *With copjjer brushes it is not practicable 
to employ a higher normal current-density than about 175 to 2(X) 
amperes per sq. inch, and Rj^, as Ixjforc statrti, may Ixjifeckoned 
on the average — 00916 *ohm per sq. inch, fhe maximum 
• ‘ A. Matiflait, loc. cit., p. 283. 
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normal loss of pressure over one set of brushes is therefore about 
0*0016 X 190. = 0*3 volt, or 0*6 volt over the Iwo seVs of opposite 
sign, an4 in practice the loss is more often 0*5 volt or lower owing 
to the cyrrcnt-deqsity Ixung lear^. 

'rhe necessity for limiting the normal current-density in carbon 
brushes to such an amount as to leave a considerable margin to 
ine(d actual inecpiality of the density has led in practice to the 
a(Jo{)tion witli hard carbon brushes of a normal viable .not exceeding 
some 35 to 4f/ ani[)ere5 per sfiuare inch.* A high local current- 
vhaisily, e\Vn th<uigh*not accompanied by sparking, will cause the 
brush, p(;rhaps locally, to b(‘corne red-hot or to glow, its resistance 
falls, which incr’i^ises t^e trouble, and disintegration of the material 
ensiu's. Assuming the sjH'cihc contact resistance at^ the above 
limiting density to be (l-()3 ohm, the normal loss of pressure 
over the two stds of bruslu's is from 2 to 2-2 volts, ( oinparisim of 
this loss with that for copper brusluts gives a rough measure of the 
(h'gree of the [)ractical superiority of the carbon brush from the 
point of vi('W of supj)r(;ssing sj>arking, and it also shows that it 
is luna^ssarily juirchased at Mie expense of the ethciency of the 
nuK'hine. Such sacrifice is, howt!ver,, l)ut smalt as compared with 
tin; advautag(‘ tliat carbon offers ; although this material may not 
enable thi! brustu's to b^ ri'tained on the line ()f symmetry, yet with 
it an intermediati! angle of hsid can be found between the best 
possible positions hjr z(;ro and full-load, such tliat neitlier the too 
f-apid Riversal in the fust c.isi; nor the insufficii-nt n'versing fu'ld 
in the second case will ( ause an e.xi'essivi' current-diaisity and over- 
fieatiiuj or serious sp.irking, Tlu* brushes can then be retained in 
this position through all changes of load perhaps up^to an overload 
of 30 per cent, 

Furthermore, the great advantage of thi* carbon brush is that, , 
being non-metallic. if sonu* sparking does take place it does not 
become fused at the tip .ind adh(*re*to the surface of the commutator. 
Hy reason of its {)hysical nature, carbon is able to (pu'nch the spark 
quickly, so long as^the power exjH'iuled in the sjiark does not cxcet'd 
a few watts, and little harm'is then done to the commutator. 

With low-voltage machini^s for large curnaits, a softer ^'arbon 
may advantageously be employed, and the normal current-density 
raised to 50 amperes \x'i s»|uafeMnch with a consiirpient decrease in 
the necessary size t)f commutator (c/). § 10). The same also applies 
to the ca.se of dynamos fitted with t^unmutating jxiles, which supply 
a reversing diefd nearly proportioned to the load. 

§ 16. lie exteraal reversing field without commutating' poleS|-~ 

It has above Ixvn sliown tha't even caibon bnislj^s cannot be 
expected by dheir (xvn unaided action to effect the commutation 
of cunent-turns with considerable i.ukctancc without sparking, 
but must lx; assisted by aiM'xteiual impros.s<xl K.M.F'^ ,to balance^ 
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at least partially the self- and mutually-induced K.M.K. ; further, 
it has been %hown that with metallic lirushes the balance must l>e 
much more nearly exact than with carbon brushes. , 

The two methods of producinj^ /(/) which ^lat’e beep already 
mentioned in § 5 must therefore now l)e more fully described, and 
first that which is due to movement tliroiigli the frinp^e of lines in 
the interpolar gap in the absence of special (commutating) poles. 

• If the reader rehes to any diagr.un, such as lug. 84 or 105, -it vvill 
l>e evident that the ex^ict position relatively to the*])oles which tin*. 
Icjops or coils of the winding occupy, at the time when they a» 
short-circuited, de}Kmds ujxm the position of the tij)S of the juushes 
as they |;^st upon the commutator, and Uiat tl^s ])osition of the 
short-circidted coil can be altcucd if the bruslus are shifted slightly 
backwards or forwards n^iind the circK‘ of the commutator set tors. 

U in Tig. 348 the brushes are shifted backwards away from the, 
line of symnu'tr}' *or against the direction of rotation, the loops 
at the commencement of their .short-circuit will be mtning through 
the fringe of the trailing pole-tip ; hence T.M.l’'. is .set up in them 
in the original direction of the current jnior to j)a.ssage uncltT the 
brushes. The initial value,of tlie iin|)ressed V.-MT. J {!), or /ip, is 
thus positive ; although, as rotation continiu's. it falls and eventually, 
if short-circuit lasts long enough, will * 1)0 reversed, yet at th(^ 
fuitset at least tlie commutation will l)e reti^rded a.> in^hig. 351 
(case 1). If tlu; anid*' <>f trail of the brushes and the initial be 
large, it may eviai rai.se the amperes which tlu' coil is carrying abo\*«» 
the normal I'urrc'nt being carried by tlie other armature coils (case 3, 
Tig. 353). In either case it will largely increase the dihi^^ty of 
ci^numitation^by causing an excessive current-density in the heel 
of the brush, and, if .short-circuit ends with flu* coil still behind the 
neutral line of zero held, in the foe, so that the whole work of 
reversal will be thrown on to the eh-ctrical action of tlie luush 
contact-resistance. Sparking \^ill then ensue l)etA'i'en th(‘ trailing < 
edgt! of the sector which has just (‘inergisi from under the brush 
and the tip of the brush itself. Thus the corisecjuence if short- 
circuit ends while the coil is still moving on the trailing side of the 
line of symmetry is in general destructive spat king, so that any 
angle of trail is far as gener.itors an: concerned <|uit(*“inadmissibl(‘. 

If the brushci; are brought intt/^ucT a j>osition that they have 
neither trail nor lend, the diamettT of commutation will coincide 
with the neutral line at iio-lo^Ti, l^ut when current is taken out of 
the anpature the cross flux fwun the armature ampere-tugis will, 
explained in Chapter XIX, ha>'e th«i same sign as tlie flux under 
the trailing, pole-tip. Ihe short-circuited loop.s will therefore stilL 
lie moving in a field of the w'rfmg .sign, th(f#result<rit qeutral line 
having moved fip^ard. • • . • 

But np^ if tile brushes arc so fy advanced that short-circuit 
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does not end until f(t) has l)ccome negative, there will be^ a reversing 
li.M.F. acting (jn the coil anf>assisting in the production of a currdht 
in it, the stnu; ii| direction as that which the coil will be called upon 
to carry sr)on as* it emerges fAmi under the brush. The case is 
^ illustrated by Figs. 101 or 105, where the coil-sides short-circuited 
by a brusli are slightly in advance of the interpolar lines of sym- 
metry, and are assunuMl to be just moving in the fringe of lines 
from a heading j)ole-edge wlien short-circuit ends. Kven if thl; 
K.M.I'. impresse*(l by the external held in the requited new direction 
(ft)es not sulhee ])y its(hf to raise the current to etjuality with the 
nornud wi'urrent of the other coils, yet much will ‘have been done 
to prevent tlu' rii.e of tfhe current-density, in any portipn of the 
brush and at any time during short-circuit, from reaching an 
excessive amount. 

• When the external held becomes negative or reversing whileHhe 
current in the short-circuited coil is still in its original direction, the 
F.M.h'. /(/) is in the opposite direction to the current, and the coil 
is itself driving tlu; armature forward as in a motor. We thus have 
at onc(' a reiuly nu'ans by whicfl the bulk of the initial stored energy 
which has to be dissipated may be conveniently absorbed in the 
form of nu'('lianical work instead of as heat and with any degree of 
rapidity. When tlu' current has been reversed, the prime mover 
ex[>ends inechanicaUenergy with ecpial rapidity (h'pending upon 
the vahu' of the reviTsing held, and this appotrs not only as heat 
ui the chil but also as stored elec tro-magnetic energy. 

§ 17. The necessity for an angle of lead in the non-commutating- 
pole ixacjline. Thus to sui)j)lement the corrective action of the 
varying brush-contact ansi, the bnfshes must be given a joru'ard 
lead in the direction of rotation, and further the amount of 
this lead in eh'c'trical degrees) must b(' such as to cau.se the 
diameter of commutation to overtake and pass the neutral line 
' where the. re.sultant flux changes “its direction relatively to the 
armature surface. How this is effected has already been described 
in Chapter XIX, end of § 7, but it may liere be added that it is 
secured more rapidly in the compound-wound than in the shunt- 
wound machine, sime in theefornu'r additional ampere-turns are 
provided by \lie held winding as the armature current increases, 
which take effect on the ah-gapMiul assist in matintaining a dis- 
tribution of flux more nearly resembling that which holds on 
no-load.^ . 't 

But ill both the -Compound-wound and shunt-wound djmamo, 
if the total efhvt of /(/) is to 1h* exactly proportioned to the armatuii? 
lUrrent that has to 1 h? commuteil, it is evident that «thc angle of 
lead must be x-tiried in accordance With the variations of the load. 

' Ft)r ttie offt’Ct.s from rocking the brushes. Milos Walker. Diagnosing 
of TrouNes »« lilectrual Jt/acA»wf,s', 253-265. 
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f 18. Disadvantages of a large angle of lead.~With a large 
an|[le of lead the demagnetizing turns f)f the armature increase the 
necessary weight jof copper on the field, and in the c.^se of compound- 
wound machines, as explained in C hapter XVW, § 20, itnder the 
regulation for constant potential less perfect than it would otherwise 
be. In an extreme case, if the diameter of commutation has to U' 
advanced much beyond the neutral line in order to reach the reijiiisite 
strength of rcversiiTg field, the machine further bt'conu‘s ineflicirnt 
iis a generator of since some of the active condiu tors arc 

then inducing a back IC.M.F. Such disadvantages an', howevef, 
of but small moment. The real objection to an angle of Jead so 
great as 4o bring the diameter of commul^atuui #i|) to the leading 
pole-tips lies in the steepness of the gradient of the flux chaisity 
near to the pole-tip. This implies that small nioveiiK'uts of llu' 
l)ru%hes or small , changes in the arniatun' ainjuri' turns will' 
produce great variations of the reversing F.M.lv much more' so 
than wlien the angU* of lead is small and tlu^ coils an' short-circuited 
near the middle of the interpolar giyi. Mence, not oidy must the 
liriishcs then be v<Ty accurately situated to suit the ('xac't load on 
the armature ; but even when they can be so j)laced as to secure 
entirely sparkless colh'ction for each value of the loa<l, they hesome 
very stmsitive to small changes of load, a slight altiiation in thi“ 
armature current materially altering tin; dist^'ihution of,tlie field 
near the pole-tip. W the outjmt lluctuat4‘S between wide' limits 
as in practice is often the case -continuous attention ma^Mx'conrt^ 
necessary, and {!ven then it may not be jiossihle to shift tlu' briish('s 
(juickly enough to meet rapid fluc.tuati(»ns. The grt'atiT jt^^^ngle 
oUlcad at ful!»load, the greater is the pen entage inaccuracy of tlu' 
adjustment under varying load, and tlu' mon' forcibly does the 
objection apply. It is therefore of tin* greatc st importance’ to keep 
the angle of lead withjn small limits, and, if possible, to sec ure a 
fixed position of the bnishes for all loads, so th.it no .appicciable 
sjurking results, however widely and ra})i<llv the load may vary. 
To attain this in the absence of sjx’cial (comumtating) poles, the 
utmost use must be made of tin- action of the brush contact- 
resistance to correct either under-nversal or over-reversal. 

If the brushes*are .so far advanced tflat tin* reversing lield becomes 
too strong, case,*? (2) and (4) of a(*c.t^er«fted comimitation and over- 
reversal (Figs. 352 itnd 354) arise. * Hut sinct; it is, as show'ii above, 
of great importance to minimi#^ tin; angle of le.id far as possible, 
such cajies are at once remedieilin generators at fyll-load by adopting 
a* lesser angle of lead. They ar^ not therefore of sifrh frequent 
occurrence, ttxccpt at no-load or intennediate loads, when thc^ 
brushes are retained in the cRrreot ixrsitidti f(^r >ilbk)ad. But 
in nearly every #ase, if flie*effect of sparking on the i)ru.<!1ies jind 
» commutator be carefully examined, it will Ixi found in generators 

• f * 



CHAPTER XX^ 


0 9 ^ 

that it is tiie trailing edges of the sectors that are fir^. pitted and 
worn by the sparks, and the leading edge of the brush that ffrst 
(leterioratl's, slv>wing tliat it is the final current-density and the 
final raKi of clnfnge which have the greatest importance in 
« generators. 

§ 19. The reversing field from commutating poles.-~The production 
of a reversing field by m(‘ans of a conuinitating pole wound wi^ 
amjx-re-turns 4 ^r exceeding and opposed to JZI^p has been 
i>Iready described in Qiapti'r XV^ § 7, and Chapter XIX, §§ 10-14. 
The eiirvti of flux-dcmsity round the armature surface now shows 
a hnm|) in the middle of eaidi interptdar gan, Ihe same in sign 
as the flux alieah of tfie commutating pole, as shown fd Fig. 329 
or 330. ' 

Some; v.iriation in the adjustnuait of the strengtli of the reversing 
held thus obtained is given by shifting the dianu ler of commutation 
slightly to on(‘ or other side of the ciaitre of the commutating pole. * 
Hut it will be seiui that, speaking generally, the diameter of com- 
mutation must be close t(> the centre in order that the actual posi- 
tions of the sides of the short -(dreuited looj)s may fall within the 
direct inlluence. of the j)ol(‘, and exa(!:t coincidence was assumed 
in the example of ( haptvr XIX, § 14. 

§ 20. The division o! the short-circuit current into two com- 
ponents. * In all casts wlien the current diverges from the straigbt- 
kiine, as in Figs. 351 354, it is instructivi; mentally to C(msider the 
at'tual ciirrt'Ut / as nsolved into two cornpommts, and where 
if is j)art which corr(Sj)onds to a str.iight-line change from -j- J 
to - J , ahd /, is an “ additional ” part which takes account of any 
excess or deticit'iicy of the actual current as compared with tlie 
straight-line current, 'fhe two comj)onents and i, are indicated 
by dotted lines in Figs. 351 354. In the practical ca.se of a brush 
, covering a miiiTber of .secdors, as tlu' currMit in any one coil 
a.ssumes ils different values, we may also picture a nearly stationary 
system of ig currents as flowing through the coils, of varying aUiount 
from end to end an’d closed through tlu^ brush material. An imag- 
inary instance when ij reat hespts maximum in a coil near the centre 
of tile brush is indicated rougldy in Fig. 355, and it is seen that this 
current is progressively fed inf > the winding froni one end of the 
brush and tajiped off at the oMier end through the commutator 
connectors. 

U iivust, however, Ix^ emphasized that such a resolution of the 
actual current i ~ 'iV i: ^ entirely fictitious, in the sense that 
. A is not legitimate to constnict ’an indejK'udent differential equa- 
tion for 1,^ (ev^m if this were [xissiMe) to trace the coniplete cur\'e 

' Cp. Miles Walker, The Diagnosing oj Troubles i« \eilectncal Machines, 
pp. 257 267. 
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of I, and thereto superpose it on if. * The reason is that the brush 
contact resistances are affected by the •actual valued of the total 
current passing. J^lonce if the impressed IC.M.F. /rom ^he field 
f(i) be similarly divided into two component s/(^)^ -f- /(/),, th#fonner, 
corresponding to a straight-line change under the actual conditions, 
will no longer havt* the valiu“ deduced in § 7, wluai the drop of volts 
iKdween leading and trailing sectors and l)rush cancels out. 

• • • ‘ • 


Amperet • • • 



I'K,. .\il<iitiMnak currents with brush cuvoring 

a luuulx r uf sectors. 


§ 21. The inductance in relation to the i, coiyponents. Jhit tlic 

advaiitagt' of lilt: alu)'#‘ resolution is that 4 clt'arly l)rings out llie 
danijiing ctha t from several coils simultaneously .short -('irfuited,* 
so far as the ('omponent is con- 
cerned. Ji L^. in the (ase of a Amperes 
dyi^inio a - in pig. 351, if three 
coils are simultaneously short- 
• circuited at each brusti, and coil 
A is close to th(’ end of its short- 
circuit period, whilt! the txmiaininff 
coils /I, and .1 „ art' situated at the Ajj; Aj A^ 

points shown in Fij-, 3,=)6, (lie rail’s .,SK ih, of 

of change di.^Ult and di^Jdt as ' a<l(Jiti«jual ” (unents. 

shown by the tangents to the • 



curve of i, are opposite sign to (tijdl and helj) to * reduce tlie 
apparent inductance of A. • * 

On the otlier hand, dor the same rfason tin* apparent inductance 


* The (liv'.saiu ta th*- shrtrt <:irnii(i< urrt'iit in the alK»ve iitiinner has tx-en 
condemned l)y A. Maufluit m lit'<httmcs iur la Commuluyoti, p, bftt the 
criticisms apply rather to trte dlegitimate u.se of the division as*a basis for 
matnematical deductions, and do not afftet the us<*fuln<-.ss of the uinrx'ption 
as a means of pftiuring more clearly m the inmd the pr«M <'ss of commutatum. 
In thi.s valuable work, to whuh referetice it fre<iuontl^ made tn tlic present 
chapter, the reader will find 4 i»»s<mcd account of jircvious theor.*s ami 
experiments o» comnAtation, as well as the very instructive cxinriments of 
IR. Mauduit tlimself. • 
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of coil A, when itself at the earlier stages of commutation, is actually 
increased, since it is then lIso carrying the damping current stft up 
by another coil which is approaching the end of its short-circuit. 
The case is not, therefore, one o( simple damping, and the inductance 
of coil A in relation to is not a constant. But for the sake of 
simplicity it may be assumed that when the coil A is approaching 
the end of sliori-circuit, it adds to the current in the coils A^, A„, 
{<c.; damping components i', etc. ; then by Krchhoff's Itws 



t , » 

Negh'cting r^.i^ as comparatively small, 


^li^ . //, (li. 

In 'It 

The s<!coiKlnry cniTent induces in the primary coil A an K.M.F. 

tdi^ . //,- di. 

■ V --ji 


Tlie self and mutually induced in the considered coil A 

is tlu'ii ^ 


-or tluv apparent self and mutual inductance is 





Thus from the figiires given in § 4 the apparent self-inductance 
of section .1 of lug, 345 on an armature in air when coil-sides B 
and Bj. in the same slots form a short-circuited sec(»ndary and act' 

as dampers will be v ^ .* ()-51 When the neighbouring 

section A^ in adjact nl sh)ls acts as a damper, the inductance of A 
(0-33 o 

will be :/-' — 0-89 f/ 

and if Ixdh the .section /!, and tljc C(»ibsides B and'/?^ act as dampers 
/ 0-49 ' -Ml - 0-4 /. 

A' the final moment, then, thp value which is less than 
'/ dr. X ■ is “ apparent ” for a double reason, since it takes 
into account not only the damping of an>’"flux passing through^ the 
exciting coils, but also the damping action from the other sections 
simultaneoiiely shopt-circuited. ^ 

§ 23. Importance ol the quantity / -f- X . /^. — In order to 
reduce the strength of rc\^i^ing field nccessar}' \o giv^ :;traight-lin,e 
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commutation and a uniform current -density under tlie brushes, 
-i-E, // ii^eqiKition (180) should Ik* %mall. The voc'ihcient'^ of 
mutual induction^ . //„. etc., Ix-tweeii tin- c<>ns^(K‘i(>d»coil and • 
<ithers which are simultaneously .‘'Intrl-circuited jiionld tlu^efure Ik 
reduced as far as jxissible. ( )n the other hand in unit i that the final 
rate of change of tlie additional current sIkmiKI in'l In unduly high, 
should Ik- as small as po.ssible, and the mutual inductance of 
otiier coils in*ch>s(* jnoximily shouhl he high so as tn iiu'rease thrtr 
damping eltect. rinis ttu* mon- is n-ducul, iIk* gTeater Ik-couk’S 

' ’ 2'. A, and reductions in huth i|uanliti( s hie im ompatihle. A* 
reduction in -j»2’ should, howrxer. lake piec n deiu t* ov^r any 
n-diiction jyi .^ny .gain fo-m dampnlj.; ^t #ie end of .short 

( ircuit can^inh* he chtaineil .it tin* exjn-nM- of greater divergence 
from the* straight line nlt^d in tin* initi.il ni m(i t inediatt* stages. 

A stt'ight line (nirtent change not onl\’ m (oiU .1 and />. hut also 
in all the coils simult.MieousIy shoi i < iiemted both at tlu* same 
brushes as coil .1 (b ig. dl5) and at ad)a(.ent hruslies.is the necessary 
l oiiditiou that they may all throughout )ia\a#th(‘ same rate of change* ; 
the\’ then all assist in letaidmg ( (tinmulat ioii, hut by this alone can 
a constant .iiid unifoi in ciirieiw-de usily under tin* hriisln-s be se< un*d. 
Ihus ' l l' IS the < hief factor m the ie(juired reveising field, 
md delcmiiiK's the necessaiv angle of le.ifj m those - .)s<‘s where 
se ate d< peiid'-nt upon shifting the baushes, 1 In* greater the 
( <]uired density of le'a ising le-ld, tlie nioi^ seiisitne hicomes the 
nac liiiK* to (hang's of lo.id or to an\' dissymmetiy of the variejus** 
sections, burthir, if theU' shoiibl he in» leveismg held jiresent 
irn’ the a( tiial external laM i-> sm.ill atid negligible, the pJKfrtncl 
)f ,''1 1' \i'idi IJ ; T he< onu s a sound guide to the amount 

if work that will Ix-Jeft to the c<»iiective aetion of the brush 
ontact-resistance to jx rform. 

In order, thenfore, to foiet ast the Ixhaviour of a dynamo as 
egards sjiarkh ss running, it is iinpcrali\-e for the <b sigiiei t(M ♦timate, 
‘V(>n if only ,i])pio\miat. ly, the valiK- of ' g 2 He must so 

lisjHise the coils wliii h aie simultaneously shoit 'jrenited that they 
lave minimum mutual indm tanci- so far as this is not forbidden 
ly other considerations, and in ea< h > the number of turns must 
K sij small, or. wli^i h amounts to the s.adie, tli*- nunil)er of ('ommuta- 
or sectors for a *gi\'en number of’af.tict: (<ai(hi( (ors must be so 
arge, tliat ' T 2'- //^’is reas</nably lAw. 

It has already been stated thah'th(;self and mutual jnductance of 
1 short-c^cuited coil, strictly wpeaking, varii-s jiccording tft its 
x>si^tion on the arm<iture\:»>re relatiycly to the poles and* therefore 
•aries during ^lort-circuit as rotation procareds, yet that it may 
approximately Ik n*garded as conklaiU for a gA-en pcAiti^afi of the 
brushes. But now^furthei^ Ult the purjXAse of appniximate Calcu- 
lation the ^I^act position of the bru^ies must be ignored, and 

7— (54)6<i*) 
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//*f Z". /f must practically be identified with the vjlue obtained • 
wh(;n the group of coil-sid(^^ which are short-circuited at all brushes 
are as nl^arly cis possible in the centre of the interpolar zone or 
directly^uiuler a \oiiiniutating* pole. The of anyone 

ccjiisidered ('oil varies according to its position within the group, 
but in order that any error may be on the safe side it is best to take 
that position of the c(>il whicli leads to the maximum value of the 
ii!duct;mce, i.c. vvlum itjs as nearly as possible in thd centre of flie 
^group, and to ri'gard tins as the constant* value. F.vcn then the 
quantity '^12’.//^ is by no means easily calculated with any 
groat Mccura( y, and much could be done by direct experiment in 
the technical la>)orat(jTy to bring tin; methods of calcvlation into 
clostir relation to the ta('ts. rims tlu? extent to winch the flux 
entering the j>ol(sfa('(‘S also passes through the exciting coils, and 
there lias its variations damj)e<l out, so that, it adds little K) the 
inductance, varies as betwirn laminated and solitl pole-shoes, and 
the amount of the flux entiuing the extnant' pole-tips and deflected 
by th(! main e.\<'itatioil into an air-path to complete its circuit 
(Fig. 1144 \h ) ) can only be didermined by <lirect experiment. 

§ 23. Method of calculating the sell and mutual inductance of 
armature coils.- d he imlmtancc of a eoil in absolute units is equal 
to tlu^ number of linkages of its component turns with the lines 
wliich Kiread thnmgh them when t!ie eurrent carrii'd is one ('.G.S. 
unit. lad a” Ixr tlu* imifiher of wires in one sMe of a coil, i.t\ the coil 
has a' turns. 'I hc M.M.lc ctf tlii'se wires when ('arrying one C.(j.S. 
unit of ('urreiit is 47r7t', aiul this acts upon a magnetic ('irciiit of which 
theT^wneaiue has to he (Udermined. Hut since the wires must 
necessarily oeeupy some space, tluw do not all [let upon jirecisely 
the same einnit, so that all the Ilux to which they give rise is not 
eompletidy linked with all the win s. 'I'he indiu dance of the group • 
of win's is thgefon' usually giveji hy (d)tjiining an exj>r('ssion for 
a single' eiiuivah'iit permeance such that if it were acted upon 
by the M.M.h'. ()f all the win's, /.c. hy 47n«', the resulting flux 
linked with all theie wires gives the actual total number of linkages. 
Tlie geiu'ral cxj)ression for the induetanee of tin* group of wires 
in praetii\d units is then , 

7 — dTT-it V x U) >.('.ntys . / . . (181) 

Usually 4n-o>’ is grouped together as A in eonvfcntional units, so that 
y — X 10 ^ and if / be tlic Viigth under consideration 

,/ = X 10'^ henrv^s .* . . \ (182) 

\ • 

The coetticieiit A is therefv>re essentially an cxpressiv^/i for 47r times 
the ejpuK'alent i^'rmcanee per centimetre of the length which is 
imder consideration in the given coil. ’ t 

In the case of the toothei^ drum armature which has ?he greatest 
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practical int<|fest, the pemieaiice rclatiyely to a half«ct>il will be 
divided into two main iX)rtions. correspc^iiding to 

(1) the side of the coil enilK*ddixl in the iron,o(*thc armat\Hv 
core, and pn»{H)rtional therefore to the eoredength ; and 

(2) the etui conttexions at om* <nd from slot to slot, and pro- 
portional therefore to the length of an end-( onnexion as fixed 

measured ii] slots. 

Idle forintT will requir('*to lx* again Mihdiv'ided intd- 

{a) the })ortion corresponding t(* the thix within the slots, and 
tins again into. (a') corresp, aiding to the Ilux within tlm slot 
[>iotHr no to tlu* bottom oLthe wo<Klen vlVnlge, end a jiart {a") 

( orrespoiiaing to the tlux a( toss the we.lge and across the 
ojx’ihng of the slot whiclj may have overhanging edgi's ; and 
(k) the surjace-of-the Core permeame. 

In the case of both (a) and [h) it may approximately be assumed 
that the iron of th<; arimiture core or teeth is infinitely jx*rmeable 
as com|>ared with air. All the lines ii (a)Vill then pass through 
the iron at the root of the tooth <tnd rouml the bottom of the slot 
without loss of magnetic potential in their jiassage through this 
l>ortion of their path. 

Within tlu‘ slot, tlirei* leading <'as(s may be distiiiguislKal and 
are easily < al( iilated upon the assumption that the Ihix passes 
pfiic. tie iill^ in '-tiaight lines aeios'> th<‘ .slot fn^n side to side l>(**W('en 
the walls. 

I. Both the flux-density acre.ss the slot and the londiutors with which 
it is linked are inercasiny {ep. big. :t 58 (i) ). * ' 

Fdr any considered height h within which the conductors incn^asci 
uniformly from 0 to «, the M.M.l*. ac ting across a iiaraliebsided 
slot of width w, with a current of oneC.tdS. unit per conductor and 


at a distance .v from the bottom of h is W ^ , fhe iH rnic.ancx; of 

an infinitely thin .^triji of air ac ross the slot is - [xt cm. length 

of the slot axially. I he thix in the strij) i^ tin lefore 
• • h . w, 

linked with ic.r/A ^’ondiictors. An elc-ment of the- inductance is 
therefore • 


d f - Attw^ 


and the irrtegral x’dx being /i^/3, 
h 

3a 

«4tr h* 

3 w. 


h^w. 


the total linkages ^ - |ht c m. along the slot, and 

• k 


. (183) 
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II. The flux-density from another similar coil in ^he same slot 
is uniform over the heif,4i^ A, but the conductors of the considered coil 
with wtfich thi flux is linked are increasing {cp. J^'ig. 358 (ii), where 
the wii^^'S (jf tlif* considered (’(jil ar(^ shown black, while those of 
the secoiul ctal sidi^ in a lower layer are shaded). 

The uniform llux-density hji oneC.fi.S. unit of current p(‘r conductor 

of the se( ()nd c'oil-side across the uj)|)er half of th(‘ j^lot is - - ^nd 

. . , 

• ... . d x , X 

in the thin strip ot air the lliix is 4Tru' linked with ic ^ wires of 

thi' considered coil sidj* at the distaiK c .v finfii jts r)ottnm. 'I'heri'fore 
all ('li-ment of the fuutual iiidiu lam e from the second ti)il-sid(* is 
..^dx 

( 1 . // -Ittv.'-- •• 

hw, 

and the integral j xdx being h-pl, 

, // 

tlu: total linkages are -tna- ^ per < in. length, and 

Zh', 

4Tr It 

X •2Tr/ihc, r . . . . (184) 

HI. All the flux is linked with all the eonduelors. 

* # h 

In this, the siinpli'st i,'ase, Irr.v lines ait' lyjkt'd with .c conductors ; 


the total linkages are thi'refore drii - - • pt'r < in, length, aiul 

* ;. 4;r//;<v, . . . ' . . (185) 

The inductance in tlu* Ihrt'e i.ises, tiieretore, list's in tiu' proportion 


If there are prest'iit ; ct»il-sides, each with a’ ctUKhu tors. lying 
near liy or alougsidt' t)f out' ani>ther. am! tlu* st lf and mutual induct- 
ance of one oidy of tin;. ctiil-sitU's is to Ix' calciil.iti'd, difterent 
nudhods i>f procedure can he fttllowetl, ilependent upon difh'n'iU ways 
of groujii,ng the \aiit)iis |^^'rmeances and ihixes. Thus either (1), 
the entire self inductance of^ the considt'ied coil is first calculated, 
and to this is then addeil tlu* mutual inductance, an equivalent 
permeance being found which when acted on by the remaining 
{j - 1) coil-sides will give tlm actual number of linkages between 
the considered i;oil and the thix of the remaining coils. E.g. from 
the figures given in § 4, if V^is the entire srdf-inductanco of one of , 
two neighbouring sections side by side in the same layer of the 
winding biit in different .slots,* , // is of this value, so that 
,7/ Or when it is'nof necess;^^' to know the value 

of . // scpiirately, it is usiuidy more convenient (2) to take separattly 
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the stU-induc^ance of the ronsidcred coil so far as it embraces a 
loCi'if magnetic circuit which is entirely indejHmdent of the remaining 
coils ; and then ttiicah ulato an equivalent jHTmeanct 'N such that, 
when acted upon by d M.M I', of An/w from nil tl\e wires, the Ibix 
whi('h results if linked witii all the a wires of the considered coil 
will gi\'(‘ the actual mmiber of linkages from both the self ami 
mutually induced Ilux in that portion t»f the magnetic circuit which 
is common to da'in all ; e g. in the same cas{‘ as abo\a^ the separate 
tlux du(' to the lonsidrrcd <-oil will yi< ld i) iM\ \ and the.joint ilux , 
due to doiibh' the number of tunent turns will yield 2 ‘ (dakl 
making in all ((htifl \\'e thus havt’' 

' I N 4rra‘“ I 

Or if the numbfi' (»f ( (»il-sid( S afterling th«‘ consid<'re«l coil varies at 
ditlnent jMi ts. tlie <ec ond t(‘Vm is again subdi\ ide<l, / liemg given its 
eorre<T value fioin one upwards for ea( h of tin* seveial subdivisions, 
so that in general 

/ : I’. // 47^vc2(^^' I 1 /X I .. .) 

I /.,/j ! ? . .) • 10 ''liciirys. 

§ 24. The apparent inductance of coils of toothed drum arma- 
tures. Ill the ( asf (tf ,i , Irion .ninaluie the numbei <4 \sires in a 
( oil side forming an element of the aimature wimliiig i qiial to the 
numb( r of turns m the ( ojl. that is..,, / 2('. It must esjX’cially 

be remarked iliat in the niulti|>ohtr drum .ftiuature the coil-sides 
und<*rgoiug nIioi i < it< uit an* not necesMarily alike m eadi intc'i polar 
/.om ; \\h< i) tla* numbi r <4 ( ominutator seOors im r pole or 
is (c/ze/c. if the jxisition of the shot t-( in uited coil sides in a pf^r of 
cons^'iitive inti I polar /ones is ^ t out, the n inaiuing inter)>olar 
zones (4 the nmllipoh.r ma( him* are merely re}M*titions of the 
fust {lair, but thi'. is not the case when C is a fractional number. 
I'urther. unless the niii luof the < wil is e(|ual t<* the pole pitch, so 
that it mav by analogy from the 2 |>*>le c ase b«- « alhal " diametric," 
the (rositions (4 the two sid<s <4 anv one (oil among the groups 
<4 shorl-ciia uited (oil-'>idcs are dissimilar. 

In tlu' toothed armature, ajrart from tie* < anses mention(*d al)ove, 
an rlissimilarity in th< two coiisec utive :rterj>olar zones in which a 
considered { (ul mat lie also results -veil win ri Clip is a whole 
nuinlx'r, if the numlH'r of shits is not «*vactly divisibh; by the number 
of |K)les without remainder, i.c. if 5/2/) is not a whole number. 

The tirst portion (1) f4 the ind ictabcij whidi is pn.portional to 
the core length / cm. m ist therefore Ik* determined scjxirately 
for each of the two sid<*s of a completi: oil, as A, and Ag, the situations 
of the two side^*often <liffering so radically that it is best to treat 
them separately and to add th^r inductances subsequently, 
second twrtio® (2) deals with the two end-connexions, each of 
leifgth /' cm.* 
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Thus for the drum coil ^ 

//+ [/(Aj d- Aj) + 2/'A'] X 10'® henrys . ^^86) 

In orclcr tff calculate its value, the first operation must be to 
set out^ clearly tlic position ot the short-circuited coil-sides in all 
the interpolar zones so far as these differ, and to choose a certain 
pair of zones and a particular position for the considered coil therein 
wliich it is estimated will give the maximum number of linkages 
and rnaximuv^ inductvnce. The three ifems [a'),* {a"), and (b) 

• which aro proportional to the length of tlie core will then require 

to be estimated separately for each 
of the two zpne^ in which lie the 
sides of the coil, and th^correspond- 
ing values of A to Inf indicated as 
A/, 'Xi", X./', A/" and Aa'". For 

each of the soveral portions, 'again, 
the correct value for j must be taken. 

The usual case of a barrel winding 
in two layers Ix'ing assumed with 
parallel-sided slots, the first item A' 
is prbportional to the ratio of the 
depth of tlu! slot h^^, below the 
wedge ^ to its width (Fig. 3vS7) ; 
the .second it(‘m X" to the ratio of 
tlu? heights ""above the coil-sides to 
the mean widths between them, 
llie surface-of-the-con* pernu'aiue is divisible into the portions 
corresponding to the joint Ilux linkt'd with all the simultan(!ou.sly 
short-circuited sections, and to the local tluxes inTiuediately linked 
with tlu' S(‘ction under consideration, or with two or more out of the 
total number. 'I'hese several pernusincc's, wluMi corrected to suif 
the assumption that they are a*'ted on by j^,. the total muuber of 
coil-sides short-circuited in the zone, may be grouix'd together 
as 6. /ft. 

The more dcvMoped expression for the apparent inductance, self 
and mutual, of a drum coil on a toothed armature is therefore 

.V -I - Tc- [I (A/ fA^ 1 Ai'" d- A.; -f A/ 4- Aj,'") 

• * • f 2rA'] X 10'® henry's 

• 4 1 (/.' ^ f a/;.,: -I- iJw))'!- 2/VJ.] X 10-» . j(187) 

in which ^ in (186) w the turns per coir' 

‘ 'The copper of the coil-sides may with ^ufticirnt accuracy be assumed to 
meet in the centre of the slot and to reach up to the Rv»ttom pf the wedge and 
down to the lx)ttom of the sl<St. • • 
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(a) The s/g/ inductance is easily deduced from the rules given in 
§ 2ft and on the assumptions named above, since in (‘ver)' case it 
is only necessary jn the two-layer winding to and ' 




r 


Flux- Total flux 
density, above each 

frot.i bolftcv 


level. 





^ # 

i 




Total self iriduced Rise of .self- 
flux above each level induced t .M.F, 
m lower layer. f rom bottom to top. 


1 , 

^ La. \ ,X 


1 |\ 


ij k±j 



C.Llnil.iiioii of slot in a dunMc Inyrr winding. 


(i) ScH indnctam i5*of ujijx r i oil side. 

(li) Mutual imhicta>i. of n|.|>i r - oil sido fnjr.'. lov.< r (oilsido. 
fill) Self indurt, men ot lowi-r (oil .sidn. • 

(iv) S<‘lf and mutual indmtaiv i’ of coil xid< in Ixitli Uiyrs. 

Mutually linked flu.x and mult dly fndm<'d F.,M I', shi wn shaded. 


to add up th(j component items for the {a') portion. The induct- • 
rmce in the three cast-s then ri.scs when single coil-si les arc alone 

in question in the propt^rtion - ~ : tt ; 27r, while between the bottom 

# * * OP 
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of the wedge and the nioiith of the slot for the (a")^ portion, the 
inductance is ‘projxirtional \o Att. * 

(a') Thus, f<r a single coil-side at the top of aislot (Fig. 358 (i)) 

by (I), ^ 2*()9 — . With a short-circuited coil-side 

3 u\ 

added in tlie lower layer (Fig. 358 (ii)), the additional item from 
its miitual indin tanre by (11) is tt — , so that ffir the upper coil-sWe 


per cm. h ngth th<‘ lofal a 


- 5-23- 


Tf the ( on.sidered 


Stt //„ 

3 ' 7i', 

coil-side is al th(|bottori of Hie slot (big. 358 (pii) ), to tlu' same Ilux 
and thi^ same inductance due to it within the lower hal^of the slot 
up to the li(‘iglit //„./2, as in our iirst cast;, has now to |)e added a 
, fiirllier self-indiK'ed Ilux of uniform density in the uiiper hal^, for 


which by (1 1 1), u' 
- 8-37™. 

TC, 


'Itt -- ; the total is therefore a' 


T-T 


If in ('itln'r of the two layias then' j ( oil-sides sliort-ciicuit('d 
insti'ad of tlu; singli* on<‘ assunu'd above, it is only iicci'ssarv to 
mult ij)ly t 111 ' ('orri'spomKug item byy. I'he three h'ading casi’s wlien 
expressed in a forin immediati'ly .ipplicable to our main equation 
are theK’fon^ as follows — . 

k - a - 2-09 /,, i»i case 1 of ^ 2;t 

- .'04; II 


(v28 i n,l 


Into these ('lenients any nion^ coinplicati'd ea.se may Ix' resolved, 

and • r * 


;/ 


wj.:) 


k’ 




where k' can he talnilatetl hefori'hand for any given anangi'ineiit of 
coil-sides in a sK)t (c/>. Fig. f}59) without a knowledge of tlu ratio 
hj^xi\. Thus the value of li' for the considered ,<'oil-si(le (markcxl 
black) with the dilU'it'nl j’ositiohs of lug. 3v59 for the short-circuited 
coil-sides in Hit' slot containing it are 


(l)lt' 

’ :2()9 t 

8-37 

^’) A' 2v2-()9 1 3- 14 - 7-32 

(2) 

- 2U9 1 (v28V314 

11-51 

(8) . t2 (\9 i 2.S3-14 - 8-37 

(3) 

-209 1314 

5-23* 

(9) =2(2-()9 1 314)^, =-10-46 

(•») 

-V{2-0f f 0-28)’' 

16.74 

\ 1 0) - : 2(2 09 f 6-28 r 3- 1 4} = 23-02 

(5) ‘*-2x209 

4-18 

(11)* v.fl(2.09 1 «}:28) I 3-14 =28-25 

(6) 

«2(2-09 } 6-2v8) 1314 = 

h»-88 

(12) -3x2-09f3I4 =» 9-42 
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Strictly speaking, the first iten>3 arising under rase I only hold 
for H coil'sid^ divided into a large minil)er of lamina- oi layers of 
small wires. For^solid conductors in each layer, of a lieiglit corre- 
sponding to h„;2, there is no self-i^uhictafice iufthe concyictor as 
a whole from tlu‘ tlux witliin the conductor's own lieighl : the effect 
from this for reasons given in ('ha[)t(T XW’IlI.^d, eans»-s a non- 
uniform distril)ntion of tlie cnrrent-densitv .it any moment over the 
cr«Ks-S(‘ction of the ^olid eoiuluet«>r. and an appaienl incn-a.M' in 
its olnnii' la-sistaiu c, whicli slionid apjH-ar in llu- fifll formula for 
the short-rirouit eoiulition. If an a]*pi(>.\in.atr eonei non in tlu^ 



(1) ^2) (3) (.i) 



Ik., a.sn. 


total indiK tance is ma<io h\' liaKing th<- eonstaiil or liy 

negleeting it, tne in<'r<as(d r(sislanr<‘ should In- int i odm cd, \’et 
^ sinet' this is dillK nit li'» lalenlati ' and it is iiol ollu i uise allowed 
for, it suhices for < <inij)ar<itive pnrposi s to makf iim- o{ the (juantity 
as if the condn(tt)rs w( re*< ompos<-<l ot nnmerons very thin 
laminae. 

{a") In relation to the jinx aho\e the n}»j'er layer (»f coils, 

(Cja', -itid is simply tin- miinh(r ^>f short cii(uite<i (oil sides 
in the slot containing the (oiisidcred coil. So tai as tlie distance 

> / 2/(j * 

hr ^iir isconcernc^l, a" 4?? I , i : ’ ) Fn>f id ihi- extreme 
\'‘2 ’ ^*.1 *‘' 3 / 

edges of the op-ning, Jlhe dt-iiM-ly ( nnvded lines ( nrve outwards into 
the air-gap. so that to the slot j>ioj>er may he addi-d a zoni^ within 
a serni-cinde described on the month of tlie slot {cp. big. '^60), The 

mean area and mean length of path varying t<»gethcT, the fK-rmeancc 

• 

* lor at su(h <'al< ulation. mc ,M. Ji. I'icM, " fdlr ('urrr'nts," * 

Journ. I.E.E., Vol. 37, p. 112 ; .trui L. rioisehmann, A.u hu jutt .Hlckjrotrchmk, 
Vol. 2, p. 387. But the assTunplj^Hi nt a n< tauRular shap(; for tia- ^^rrent 
wave in the .conduaitor ileparts from the actual fact in an imjx)rtant 
icspect. • f 
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is independent of the width of the opening, and as an approximate 
estimate 0-2 rjiay be taken,;is its value, .so that ‘ , 


I2'^7 


\^’2 


2/I2 


0*2 


(188) 


/ liu \ 

w liirii n^dur.es to 12-57 “ — t 0-2 in thcMirdinarv case of an 

ojK-n slot wIkt^o //j is thv lii'igld of a wrdge fliisli with^thc surface. 

' [h) Tfie'surface of \he core. 

Nc.lt must he taken the inductance from \^\o\iir face of the core, 
till' grou[) of sli(Yrt-n’r( uited coil-sides lu'ing as.sumecl to^ie situated 
midway Ix twis'n tiie pole tips for th(‘ pnrjxise of otitaining com- 
j>arativ(^ results, allhoiigh such an a.ssmnption is not strictly true 
when tiu^ brushes arc* shiftisl away from the line of symmetry. 
iMirtlier, the calculation will Ik‘ made for the arimiture removed from 
its field-magnet system and .situal(‘d in air. 

'I'he exjH'iirnents of PicU-lmayi*r* aiul also of J. l^i^zelman* 
show that, when tested with alternating currents of about 100 
frt'fjuency, llu; apparent imluctance'' f)f .sections on an armature 
with tlu^ lield inagni't circuit closed is not far differi'Ut from their 
real indm laiUH' when the arm.iture is in air. The slot and end- 
('onne.xKiu induct, iiSce is not thereby altered, so that tlu* similarity 
_of tlu\(piantitativ(‘ n'sillts obtaiiu'd in tlu' two cases is simply due 
to the fact that tlu' Ihix which ('ontinues to circle through tlu' tield- 
magtiet coils and sets up the damping v.iriation in them and eddy- 
cuneiti.s in tlu' solid iron has about the s.une inagnitudi- as tlu; flux 
from the surface of the core when in air. 1 low far this rmnains frue 
at higlu'r fiaspiencii's of 500, comparaldt; wdh the ordinary condi- ^ 
tions in commutation, remains doubtful, Imt from tlu' (‘ase with 
which armatures can be tested with alternating currents (vide § 46), 
and tlu' compar.dive liguns tlu'ieby obtaimal can lx; used to check 
the results of c.dcuhition, the convenieiKe of the assumptimi war- 
rants its adoption' in pr.u tiwe. It is only on this accinmt that tlic 
imhictance, of a sei tion or sections of an arimdure in air possesses 
any intere.^b ^ < 

In air witli frequencies jip %o^ 200, Kezehnan'sVx|H'riments with 
slotted armatures showed that *<he reactance of a section or sections 
remained pro]>ortional t(» the frequency, so that there was no 
|)crceptible damping effect in tlie kiminated iron of the armature. 
WiiltTamipated pvdes of plates 1 mm. thicK immediately .fbove the 
slots occiijiied by the section uiKler test wiOi an air-gap of 3-5 iflm. 

— 0-138", aUhough^ the inductance was greatly iitcreased, there 

» LVr.Z.. Vi)l. p. IKK). al>str;u tt‘<l '28thJ*cb.. 1913. 

■ Keihfrehes sht les Ph^nomit^s df In Commutation. * ^ * 
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was no perceptible change of the reactance with increasing fre- 
(juftncy. ^ l?ven when solid commulating j>oles of cast steel, 
unexcited and w^h no yoke, were presented above tht* slots occupied, 
by the st'Ction under test, altli#)ugh the tolnl nidiicyince was 
increased 30 per cent., there was no damping effect - with an air-gap 
of 4 mm. --- 0-1 57"" ; if, however, the air-gap was reduced to 1 mm. 

^ 0-0394'', damping was shown by the ap])ar('nl inductance or 
I^rmeance becoming lessened with increase of the fn-quency ;\nd 
by a marked increase hi the watts al)Sorl)ed. • 

The jx^rmeance per cm. length of the artnatuii' siifface withfli 
the span of tlux slots containing the short-circuited coil-^ides is 
dependent on the nhmber of these slots anri oji t^e relative widths 
of tlie sl(4-opening and to(»th-crown. Tlu‘ remaining permeance 
corresponding to tlie joint flux due to the coi!-sid(S is pra(-tically 
indifcjiendent of the slotting of the core owing to the comparatively 
great length of tlu- paths in tin- air. 1'he tot.il surfar(' p(‘nm'ancc 
might tluTefore lu- divi(h‘d into the.se two portions. .\ diffcTi-nt 
division will, however, lu- found more ( (yua nient ; a fust ]>ortion 
will l)(‘ made to embrace the whoh- A tin* sp.m from the int(Tpolar 
line of symmetry up to ,the pole-tips, a standard ratio of 


pole-jiitcli 


0-7 and a standard 


rati^ of 


width of tooth- crown 
’vidth of slot (ij)ening 


: — ~ - - 1-5 beitig ai.l^ipted as fairly representing ordinary*] >i‘a('t ice ; 

the results for this portion can then Ix' om (! h)r all c;dci?late(i in 
terms of /(2/> • on tlu- basis of a Hat core, sinct' the dejxirture 
from a Hal surface within these limits is not great. ^ • 

•For tile second portion of the j>ermeanc(‘ from tlu‘ jxHe-tips 
onwards up to tlu; n.iddle of the ])ole, but with the armature; in air, 
it will bo shown in a Note added at the* end of this chapter that, 
whatever the number 4 )f pf»les pr diameter of the, armature, when 
the curvature of the. convex surfae e is taken into accounUthe value * 
of AttS per cm. length of core may fairly be rej>resented by the 
figure lO. . • 

In consequence in the following formula* and curves which arc 
» applicable to a single zone alone, the talue fd 477;'’ up to^llie pole-lips 
has been calcuMted and to tins ii^ every case has been added a 
constant figure of H) to give h * Arr'c^jl, where oi’ is the ecpiivalent 
permeance for flux assumed tinked with w--Zj2(^ wires. The 


^ Very little tlu.v in suc|i a case is linked with the exciting coils, b*t when 
the section wa.s on the inteqwtlar line of symmetry, tlie damping effect wa.s 
of course very marked, the flux not otfly l>eing linked with the exciting cxiila 
but also pcn^Prating the joint Ixtweeii the lanunatcd jioles and the solid* 
steel yoke, where eddy-currents would uc set up. * t 

' • fiS ' 

• The p<4e« aru# armature ticing stationary, eddy currents duo to the 
• passage of«the slot-opening past the .solid jx^le-faces are not here in question. 

• • 
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cofifficient for insertion in our principal equation (1871 is then for 
the single zon(! * * 

V"-b.j„ 

\ ♦. 

Tlie miniher of sections sirmiltaiieously short-circuited is 

V”! j ^ where the sul)script plus sign indicates that the next 

lar^Ti* whole miinl)er is to l)e taken if there is any reni^^inder. The 
nunilKT of short -circifl ted coil sid(‘s in one zone is then either 

case tin; value of b 


2^ ^ -j or ^ j - 1, and in ev'cry cas( 


given in tin; f(i’o\Yint> curves is arranged so that may be 
multiplied by the full mmib(‘r /j, of coils short-circuit jd in the 
zone in (juestion. 

• 'I'he leading cas(!s may b(; groiqu'd into four or five kinds, according 
as th(‘ short -circuited coil-sides are concentrated in one slot or are 
divided betw('('n two, thns*, four, or five slots. A larger number 
than five slots containin/i[ coi^ sides simultaneously short-circuited 
seldom oc( iirs in practice. 

(i) Sin^li' slot. When the. short-circ,Mit<‘d coil-sides are confined 
to a singli' slot (big. MdO). tlu* lines of Ihix an; In'st assumed to Ih^ 
semicirch's spanning th(5'(‘jH‘ning of the slot. With the standard 
ratio of yole-ai(' to pole-pitch as assnined abov{\ the .arc from the 
centre of the slot-opeiiyig up to the poh'^iip is 
(T47l/>/5/). Tlu' piaaiusince in one int(‘r})olar zone })er cm. length 

\ 

u{ cpi'eisthen by (Mjuation (121) — logi ()•942-^- j.acted upon 

by a M.M.1'\ of 477/,, 7c, wlitTi' is tin* total number of short-iarcuited 
elenu'iits in the one zone and w is the mmd)er of wires in the 
coil-side forming an element. Tin' n'sulling lliix is linked with 
till' a" wires of Jhe considered co^l, .so th;|,t the s(‘If and mutual 
inductaiu^' is 

X lO'-Mienrys. 
0 ()25tJ, the total value 


, 22 / I) \ 


doe 

2/) X a-'a 


of b with the seccnul division also t«ken into at'count is 


9-2 ^og.^ 


/) 

:/) X 703 

/) 


- 0-2:18 i 10^ 


9-2 lof; ■ -4 f/!762 

^ -/> \ ii'a % 

as given in the uppi*r curve Fig. :I60. 

I 
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The inductance is therefore a function of the quan^tity DI2pw^, 
and the curve of Fig. 360 hebomes universally applicable to diffeftnt 
•nuinbers of pvles and different widtlis of slo^. After having 
calculated Dj'lpivl in any giveh case, it is only necessary to read 
•, off the value of b from the curve and to multiply it hy j^, or the 
number of short-circuited coil-sides which are found to be present in 
the single interpolar zone. 

*J'he actual j)osition of the short-circuited ioil-sides within ttie 
slot is in tl^e presefit conne.xion immateriar; thus in the diagram 
tlu! considered coil-side is marked black, and there are three other 
short-oircuil{!(l coil-sides shown shaded, so that jfj, = 4. 

When the shol^-circtiited coil-sides are spread over»’nore than 
one slot, in addition to the joint flux linked with all the'coils, there 
are also in general local Iluxes linked immediately with one or more 
* slots, and the methods of calculation adopted are explained in- the 
Note ap]M‘nd(;d at the (uul of this cha})ter. The assumptions made 
cannot at best be entirely accurate, but by them correct relative 
results an; apjuoximatttly objain^al. 

(ii) Two adjacent slots, with the short-circuited coil-sides f + g 

jf, {'qually (ir uiuspially divided between them (lower curves of 

Fig. ,%0, calculated on the assumption given in the Note, 
\). 166). ‘ 

As tlmi disproportion Ixdvvtam / andg increases, the coefficient for 
a coil-sidt^ situated in thnslot having the target number /approaches 
(hat for a single slot, while conversely the coefficient for a coil-side 
in the smaller group falls and at>proxiinates to the value for the 
joii'/t tlrv alone. 

Otlier curves for different vahu'S of /„ are easily vitertiolatedi 

(iii) Three adjacent slots. Tlie curves of Fig. ^161 apply to the 

case of three adjacent slots, the 



ff' f' ff" , 


central containing/ coil-sides, and 
tiach of the outer slots g coil-sides. 
Hut the distribution may also bo 
unsyminetrical about the centre 
line, as shown in Fig. 362. In 
such cases it is usually afi outer 


,/^ slot containing the greatest num- 

IMG. . c'il. '’''f »'«' ‘-onsidered coil- 

silli'S ill thri't' slots unsyinmetnc.il S^dc Will lie, find the loWCr CUrvo 
al)out centre. of Fig. 361 applies. But if it lies 

j in the cen(ral slot , the dyskjjunetry 

may be ignored, and the same ci^rvcs of Fig. 361 may be used wFh 
interpolation for the appropriate value ot fjj^. %• 

(iv) Foi^tr cJjacent^ slots. The curves of hdg. 363 are calculated 
for the 'symmetrical ca.ses A and // ahd by comjiarison with these 
other cases can be dealt witl^by interjKilation. 
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(v) Five a^acent slots, each containing short-circuited coil-sides, 
rarefy occur : in Fig. 389 of the Note* to this cha()ter is shown 
the coefficient for4he central slot, if all were equally iilletl. 

In the calculation of (a) and (6), •for accuracy from L, *lie total 
axial length of the armature core, should be dc'ductetl the sum of 
the widths of the air-ducts, to obtain / the magiu'tic length of 
the core ; the difference should then be added to I', the length of 
th^ end-conffi'xions ‘ in air. Further, the^ inductance from ste^l 
binding-wires, if present, has above bei-n neglected. , 


h 



Fig. Sh«.>rt <;io mlccl in futir or live slots. 


• • • 

The preceding cur\ ('S show the gradual de( liiu; in the rate ‘M which 
the permt'ance and the induetaiu «.* rise as the diameter of armature 
increa.ses for the same immb(r of j)ol<;^ and wi^^lth of optuiing of 
slot. Their lower terminations in all cases mark tlic jxant at which 
• the width of all tlie short-circuited coil >hlrs approaches rlangcrcnisly 
close to the total width of the interj)olar zone between the pole-ti])s ; 
as an extreme ma.ximum the numUT of teeth and slots in which lie 
the short-circuited coils sluaild. in the non-cominutating-ix>le 
machine always fall short of the width of the whole iijterpolar zone 
by at leasrt the width of (tie tooth-pitch, so that hf one, ‘two, three, 
fouiy or five slots involved in the span of the secticais short-circuited 


I) 


bv the brushes, , should not l.»c Jess than^ alx)ut j5, 7, 9, 11, 

and 14 respective!). With comimitating jKiles the short-circuited 
ct)ils will b<f less widely .spread. 
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(c) The end connexions. ^ 

In aci’ordartc e vvidi tli<* {!r>ii(:liisions readied in the Note appended 
• at the end ofiJliis diapter, for the V-.sha])ed end-connexions of a 
l)arrd-\HJiind an\ialure, the (Expression aflojited for insertion in 
the [aiiK'ipal (‘(jiiation (187) is 

lhx h\ /' 

. i'; (- . • ; ■ r> 

wliefe /' is lhe‘!(*n{ 4 th of V)n(‘ (‘iid, and a and b an* th\‘ two dimensions, 
‘lieii^ht aruf widlli, of the recian^mlar ])a< ket formed hy the coil-ends 
vvhidi^are simaltaiK'onsly short-circuited at one hinsh 391). 

§ 26. Influence of ritch of armature coils; It is iijstruetive to 

note the infliieiH c vvliii li the pih li of the armature windyi^^ has upon 
tlie slot and cori' inductance, and in order to illiistratt* this a mimber 
, of tlia^nams of two inler|)oIar zones are VoikH'ted in hii^. 3(>4 ^ir the 
part ii'iilai' case of ihiaH! sectors or six coil sides j)er slot in two layers 
(h. h\ 

and a ratio y ^ — j 4. 

When I li(! mimher of slots fs an e.xad mnllij)l(' of 2/>, i.r. Sj2p is an 
intej.;er, true diutnefne windini^ is ohUdned when tin; back-pitch of 

th(‘ armaturi' ('oil ieck\ned in elements is v„ - i b where 

■ “A 

II the. nund)t‘r oli coil sides p<‘r slot, and S the numln'r of slots ; 
or whi'ii n'ckoned in teems of slots, y,/ .*4 2/>. In this cast' each 

'of tlu' sides of a complete coil will also havt' ex.n tly aboNc or ])elow 
it in the same' slot anotht'i coil-sidt: which is short-circuited at a 
ndf^hUvui iiif^ brush of opj>osile polarilv, so that the inductance 

for a |.,M\en value ot I I is a maximum. 1 o shorten \’b, its 


precediu}.; ili.unetric. value mu^t be redut'c'tl in stc'ps of two dt'ments, 

r , II rX S II '• .S 

i.c. tlu'.^next lower ptissible values are , - b ,> ' 'b and 

“r *"/’ If 

so on. .\ft('r passinc: throuj^h a nnmlKT of such stt'ps - p the 

rear pitch in slots is itst'lf shortt'iu'd and beconu's v,/ (h/-/^) - b 

I'ht' winding mav then Ix' \ alletl loii^ chord, tlu' dt'fmition of this , 
term beiuf^ th.it with narrmv brushes the two coil skit's whic'h are then 
short-ciicuitt'd in each zone are* st'parated by an 'intervening tooth. 
After the saints number of intt'ipietliate ste't)s as before, the rear 
tiitdi in slots, is again shorteiu'd to (>’/-/>) - 2 ; the two coil-sides 
shor<-circu'itetl by narrow brushes in each ?tine are now sejxirated by 
two tet'th and one slot, and thg, winding may be termed short ch>rd. 


The internu'diate cases when the amount by wiivb the pitch is 
shorteiKYvl is*a\ot e(|hal to a (.iunpVte slot, do not yield intercliange- 
ableToils, so that in practice they ai*c soldoin u^jied (but cp. p. 167). 
When Tig. 364 is oxamiiH\l, it is seen that as we proceed down 
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the scale from diametric to long chord, and thence t^ short chord 
the two laj'ers! of shorl-circliited coil-sides are, as it were, gradifcllj 
' sheared apiirl,.and the greatest y -f-Z’.y/of anjione coil out of s 
given m*nl«r short-circuited hfy the brush width is reduced. 

VVh<;n Sj'lj) is fractional, the stnaller the remainder, the nearer can 
the rear pitch in slots be broiiRlit to equality with the pole-pitch, 
so as to resemble tlie true diametric case. From this point a similar 
gtadnal slasirinf; apart , is produced as r.' is shortent^d by one’or 
jnorc complete slots. ^ I be reduction in tl*e values of /t,' and 
for the slot induct.ince is shown by the fi{,>ures in Fig. .'t64. 



I'k;. 3(>5.--EfToct of shortening the pitch o( coils. 


Taking any partiiatlar values of 




and of u, if the surface- 


of-the-wrc inductance is calculated and added to the slot induct- 
ance it will be found that their sum is ajiprtTiahly reduced by 
shortening tin* ci»ih])itch lyul so s]ueading out the two layers of 
short-circuited coil-sides in each zone. Fig. :m shows this for 
b b 

six coil-sides [ler slot, and 1 -= 4, and on thf assumption that ' 

the slot is ofam and with'a rat.m ^ = 2-5. The' ix;rcontagc reduc- 
tion is consirjerahle for the first shortening of the slot-pitch from 
S/2/^ to (3/2^) -^1, and is much le.ss wli^m the processes carried 
Still further. 

With fractional windings the number of coil-side^ short-circifited 
in oiu zone may lie either ~ according to the 

circunistauces of the brushvAudth and pitch ; in the laKer case the 
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curves of the^surface-of-the -core inductana^ are somewhat flatter in 
lar^ armatures wliere the joint flux predominates than in whole 
windinj(s with tht same width of bnish. There i^ tlferefore a slight * 
advantage in fractional as compared with whole wiliit's (>ff>'/2/>, but 
the difference is not great. 

In conclusion, it may be |x>inted out tliat (>ccasionally a coil is 
wound with a nuinl)er of wins in ])arallel ; lail if .so, they must l>e 
wt)und in the same slot or .slots as if tiny were a sipgle conductor, 
since otherwise eddy-( urnaits would be x‘1 up within the.coil, due tq 
the diften'nt lC..M.l’'.’s gjuierated by the whi'S in the dilh'ient slots. 

§ 26. The inductwce of the short-circui^ sections with oom« 

mutating r')les. Ih* (|ui'sti(m next arises how f:ir the / f 2\ // 
of given ('(fils is aflected by tli(‘ presemc of ('(uninutating polt'S. 

When tlu' short-cin uit«^l sections are situated centially under 
th(j mm fa(e of a c<»ninmtal ing ])()le, and assuming the latttT to Ik* 
une.\('ited, the seif and nmlnally induced flux would very largely 
pass throiigii the short c<mumitatiiig air gap of length /„,. inpj the 
coimuutating {(ole, eriKs the iron pol *, add emerg(> again through 
the air-gap /,,,. ; or if the short-circuited coils are not (juitc* central 
under the* coiiimut.iting p<»l(*. 'out nearer one edge, some of their fhix 
would ]>ass directly up the lommutating n(»le and lose its circuit 
round the yoke and an adjacent main ])ole. In erdur case the 
convenient iron |)alh thus jtreseiited to the . hort circuiied coils 
and the shortened h'jigth of the air-patU would larg( ly incn*a.S(‘ 
the inductaiK'e, ^ 

But this is not the c:isv. when, as in practice, the commutating 
pole is excited, so that reversing Ilux passes into the av mature 
core. '1 he of the total armature ampc'n'-turns including 

the .short-circuited turns is overcona* l>y tla; greater M.M.F. of the 
coils exciting the ( mmmutating poles, d he M.M.l*'. of the .short- 
circuited turns '\< then ,ex|x*nde^l mainly over the commutating 
air-gaj) in dri\ing the reversing flu.x asl.mt across the air-gap and 
.slots along a hjugor j)ath and in a backward direction low\irds the 
rear of the short-< irenited coils, d hu'' just as iht. surface-of-the- 
core and .slot inductama; of the .short-circuited coils without com- 
mutating j'oles is not actualb'due totfle separate exisfejice of line.s 
round them but ^hows itself in tlu* displacement of tla; resultant 
field, so now the surface-of-the-core and slot inductance with com- 
mutating poles is really repiescuib'd by the distortion and displace- 
ment of the reversing field. The effect mainly makes its appearance 
in the aif paths, and tb.Te is probably but little difference iiT the 
inductance of the s;une short-circuited coils, wuth and without 
commutating^'olcs. when in each case centrally situated in the middle 
of. the interpolar gap. The stored enei'gy of a sliort-circuited s^jigtion 

- ' The expe.imfnlA of J. Kewiman {Recherches sur Us PMnonUnes de la 
tommxUation, p. 24) confirm this. ^ 
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is virtually the quantity requiring to be calculated, apd if in both 
cases this is stored in air, its value under different distribution? of 
' the flux is presumably not greatly different. In default, therefore, 
of exact v*xp(;riment, the value M calculated as in § 24 

may b(? used equally in connection with commutating poles. 

One point n(‘ed only here be stated in addition. In order to 
keep the circumh'nuitial breadth of the commutating pole within 
practical limitij. the roi;diictors short-circuited in eaMi interpolar 
|one must. be more closely concentrated tfian is advisable in the 
absence of commutating poles, dhc armature winding may not 
require to Ix^ actually diametric, but it often is j^o made, and it is 
only in this case^that flic two short-circuited sides of a«oil will be 
exactly similarly situated in nderence to a pair of revef.sing fields, 
and will have equal IvM.b'.'s impresscxl uj)on th('m, so that their 
effect reaches a maximum. In conseejuenct^ thyi of y,,^ being i1P:arIy 
or exactly equal to the numb(‘r of slots within the pole-pitch [cp. 
p. l(-57), the / I 2 - // with commutating poles is naturally high as 
compared with the ca.se Af windings u.sual on non-commutating-pole 
madiines which are mori* or less chord(‘d. 

§ 27. The time of commutation.*^ While in the simi)le lap- 

wound armature' / — , in the multiplex lap-wound armature 


for the 


fame brush Vidth tlie 

f 

7' = 


time is reduced to 


'(' ;) 


where ^ is greatcT than unity. ^ 

In the simple wave wound armature with as many sets of bru.shes 
as tlu're an' poh's, a coil is first shqrt -circuited as j)art of a complete 
zigzag rf)und the armature wl»icli returns to a st'ctor adjacent to 
that from which it starts and under tlw* same bru.sh. The short- 
circuit current caiT*then pas^ not only via tlu' complete zigzag, but 
also tlirough all th<’ leads coniu'cting the brushes of the same sign ; 
and the duivition of this stagt^*is exactly, as in the simple lap armature 

* b ^ b 

given by the pas.sage of a'mic^ ‘strip past the bru.di, or t =- 

* . 

The .second stage consists in the .successive reduction of the numlxir 
of pandlel paths ojk'H to the shbrt-circ\iit current through the brush 
leads until '’idy «ne is left through the nAirest brush of^he same 
sign, and finally this remainiiv path is oix^ned by the adjacent 
brush of the same ^ign leaving t^e sector which fort As one end of 
the ifnder consideration. Thus tlje siwuid stage is itself divisible 
into p - \ successive reductions of the parallel ‘paths .open to the 
current of the coil. The dilference between the conimu'^ator pitcK 
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and the pitjh of the brushes of similar sif^n, t.e. - C/p, is the 
fraction of a sector corresponding to each of the p - I changes, and 
this difference is equal to f Up. The space trayeried during each ' 
of the chang(‘s is therefore h p, and the movement tlirou^hout the 

second stage during tlie /> 1 chang(‘s is ^ (/> 1 ). The total time of 

short-cin uit at (uie brush and between brushes of tlie same sign 


is tluis extendt'd to T 


, HP n 


i'l) 


This exti'Usion of«(he time is in iImH adHfcintag ous to tlie com- 
mutation,^ so tiiat tile ust‘ of as many sets of brushes as there are 
poles is to l)e recommended so long as th< y are easilv x'isibK* and 
acci-^jsible, and do not gi\\r too much friition m small machines 
What |K*rcentagi' increasi- in the time of commutation is obtained 
entirely (lej)ends upon the width of the biush ; thus if the width 
of the brush expressed in ttanis of the width of a sector is xb, 

■■ ( ‘ ;>i 

7 /I 1 I /; eg. with four poles ami .v 1, 7 IJ/, but 


if the brush width is twice that of a sector, /' IJ/. With 
wide brushes therefore the incre.ise become', of l(“ss :,nd l(‘ss 
importance. i 

With multiplex wav('-wound armatures tlie<'asi‘isslightlydifferent. 
If - b„^ h, a (omplete /.ig/ag round the armatur(‘ is nev(‘r short- 
citcuited ; there an? then, as alxive, p 1 succ'essive stages of 
re<lucti(!n in the number of jiaths through tie* leads connecting 

brushes of the same sign, each lasting a tune ( (uresj)onding to b, 

a ^ 

and the total time <'orn>sponds V» b . ^ (p I). S(' small a bnisti 

width would, however, not b(‘ used in j)ra<'tic(‘. As soon - 
> (a 1 }b, an initial stagi* is added on during which a complete 
zigzag is short-circuited, and the duration of this dejK'iuLs upon 
the amount by which b^ execs {a ])b. The time of this 
stage is therefoni projxirtional to b^ /g„ (a \)b, an\l the total 

time of all the stage s is prccportional to by b„^ (a l)b | b. . (p~l) 

r . / \ ^ 

~ by ~ bfn -i b[ \ ^ I . Thus the general formula , 






* Cp. J, K. Cattersem -Smith. Journ. I.E li Vol, 35, p. 430; and I*rofessor 
P. G. Baily ^nd Mr.VV. S. H. Cleghornc, Jout4 I.E H., Vol. 38, p. 168. 
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holds in all cases, whether the armature be simplex jr multiplex, 
wave or iap-Wound, so long as there are as many sets of brufhes 
as there are po4es.^ Or if /;, - b„^ and b are in indies, and v/ in feet 
per minute, • 

I “ 7' I ~ ^ ^ ) i * • • {190a) 

•§ 28. The true criterion of sparking. -It remains* to estimate 
^uantitativ(;ly*the factors upon which sj^arking at the brushes 
ultimalely rc^sts, for tfie guidance of the designer as to the degree 
in wh*';li sparkless running is likely to be altakied in any given 
macliine. » 

'I'he true nurasuro of the limitation of tlu; output by sp;i.king is not 
simply th(i maximum cuiR'iit-density which occurs at any time 
(luring short-circuit at the fac(^ of the brush, nor is it the maxkmirn 
vahu' wliich tlu; (liHer(“UC(; of potential between brush and commu- 
tator readu's. Neither curnait nor voltage in themselves are to be 
feared ; it is tin; intc'gral efft^ t of th(;ir product, namely, eli'ctrical 
energy, which alone can give rise to any ck'structive effect from 
sparking or over-heating. Yet even this statement must be (piali- 
fied at least in tlu; c.is(; of sparking by a furtla'i* proviso. As Pro 
fessor Arnohd has poiified out, a (U'rlain voltage must In* pre.sent 
b(dw(!eu the surface's of brush and commutator before even a high 
watt-density btHomes (^••trimental in a dymftno. 

^ Thai tlu; actual expcauliture of (Miergy in the air by a visible spark 
need not in itself damage the siufac(*s is shown by tlu; discharge 
p<^intsv'f an induction coil which are uninjured by tlu; sparks. 
And on this account Mr. Thorburn Reid- has giv(‘n,as the criterion 
of the s[)arking limit the maximum (;nergy-(J‘M)sity or rather watt- 
deusity at the trailing edge of a si'ctor. But actual facts show that 
very high watt-di'usities which would lyad to no objectionable 
c(jnse<iuenc(‘S with plain slip-ring contacts would cjuickly cause 
sparking on tlu; commutators of dinu't -current machines. The 
difference lies in tlu' vahu* of the voltage which forms one of the 
components of the watts, and which for the saine value of the 
watt-densiW will be higher ^n the coiumutator than with tiie slip- 
ring. The two c.ises are, in fact, decisively (lift Tentiated by the 
presence of the slight percussi(^ItSi and vibration to’which the brushes 
are .subjected on the commutatoj as they tl averse the mica and 
copjx'i' strips, even when the surface is as smooth as it is possible 
to attain in pra^tic'e. The predisposing tcause is therefore to be 
found in h mechanical consideption, which for the same current- 
density rai.scs the voltage at the iK)int of contact, ojn the apparent 
contact-cesistance, Tn the commutKtor as compared with the slip-ring. 

mi' 

* Die Gleichstnmmasihinc (2iul \n\. I, p. 4(X3. 

■ TraMs. Amer, LE E., \o\.\4, p. 611. 
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The abrupt^rise of voltage after the normal maximum value of 
sj is reached, indicate*^ that the true conducting contact 
has been rupturwl and that an arc or spark, howev<‘r minute, has* 
formed. t 

Accompanied, then, by voltages exceeding certain limits which 
may vary according to the condithms, the watt -density wliich finally 
causes the v'isible sjiark does matiaially damage tlu^ surface of both 
commutator and bnish. h^sjx;cially has a rttpid variation of rtie 
current-density to l)e guarded against ; for it is this which, througli 
the action of s('lf-induction, supplies the Iv.M.I’’. necessary for damage 
to the surface to result under the conditions of tlie continuous-euneiit 
djTiamo, ad apart from any electrical or*m igiteti<* c.iuse for it, 
such rapic^variation may itself lie solely due to mechanical jarring. 
T(K) high a watt-density ,'^one may cause carbon brushes to glow, 
aiuWhis must b'c avoided as causing deterioration of their surface, 
but com})aratively low values of the current-density, if accompanied 
by voltages increasing roughly in inverse pioportion to the current, 
will still suffice to produce injurious sp^rkiivg. I'lie slight mechanical 
chattering of the brushes as modi'. ying tlu'ir true steady contact- 
resistance, and the efh'ct ot raj)i<l current variation, are therefore 
in combination tin; primal y causes of the sparking difficulty. 

A calculation of the total energy which may ha\e i > 1>e exiicjided 
in th(^ sjiark at the moment of opening tin* short-circuit of a section 
suggests its(‘lf, in the nrst jilace, as a guid<|to tin; relative nuaits of 
different machines. If Cj the instantaneous IM). between the 
leading sect<tr and brush-tip at any time after tin; rupture of the 
true contact-resistance, and fj the cuin'iit llnm passing throilgh 
the leading sector, the energy ex]><-nd(‘d in the spark during the 


time i for which it lasts is T l^xpeiiment indicates that 

\ 't 

the mean pcjwer / cp. dt |xt cm. width of brush-tii) is of the order 
of 5 to 25 watts and should not exceed 10 watts per cm. if the 


sparking is to be jx rmissible. ^ 

Wdicn breaking a current in an inductive circuit at a switch, 
the energ}^ stored in virtue <ti its iinluctance, viz.J yidi ^ 
is liberated and cxjXMided partly over tin' resistance of the circuit 
and partly in the spark or arc. Ix’twcen the blade and jaws of the 
switch. The case ot a dynamo m which the current i in the leading 
short-circuited section is over-rever.'scd to some valu^/ -f t, exceed- 
ing the full value J is ^len analogous. At tlie moment of ntj)ture 
of the tnic contact-resistance b< fore the spark appears when the 
tip of the bn:3h leaves the leading sector, let value of the 

additional current ; the current in the section under corsir^ration 


A. Maflduit, loc, cit., p. 193. 
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is then reduced to J in the time / during which the ^rc lasts, and 
the energy 1 iterated is 



It is more than simply the amount corresponding to the dis- 
apfxuirance of , since the tliix due to is linked not only with 
i/ but also witjj /. 'I he whole of this energy apj>ears in the spark 
yhen the resistaiu e of, the circuit is neglected, and 

. V 1 r 

•^0 

€ 

Hut wlu'ii tli<; curnuit is under-reversed, the case is not so simple. 
Knergy is now absorlxxl by th(‘ s<‘lf-inducti()n, to the amount 



but this l)ears ikj direct rehftion to the energy expended in the 
spark which is. as it were, in j)aralle| with the absorbing circuit 
and is only the intermediate nuM'hanism through which energy is 
enabled to be sup[)lied k) the section. It is not therefore possible 
in this ca.s(! to lay down any general mb' expressing the magnitude 
of the eiHTgy expeiuh'd in the s[)ark or th( 4 > damage done to the 
i^ommirlator in terms of fhe energy reijuired to be stored under given 
conditions of mal adjustment. It can only be approximately 
estimated for ea('h special case, and great variations may exist. 

A. Maiuluit * has shown that in the case of the negative luushes 
after the rupture of the true contact surface the brush-tip leaves 
the trailing edge of tlw* leading sector, the tirst action while it passes . 
over the mica is to draw out the arc to a length proportional to the 
time of passing over the thickness of a liiica strip. During this 
time the spark shows the usual characteristics of an arc, namely, 
a resistance that varits inversely to the current and directly as 
the length. Since here the current decreases linearly with the 
time and at the same time Uu‘ arc lengthens in proportion to the 
time, the rfesistance rises nlpidly, and its curve^ is practically a ' 
hyj^rbola, so that the IM): risf .siin proportion to the time. 

Hut this may not exhaust thf action : the spark may pass across 
the mica to the leading edge of the trailing sector, thus still further 
extending the period of virtual short-circ^iit. This arc ^oes not 
lengthen with timh and only slowly becomes extinguished ; further 
it appears to be esj^ecially harmful. This affords a ^)werful argu- 
ment in favo)^r of tlvck mica strip.i, and J. Burke* Ikls emphasized 

* at., pp. 180, 216 . ' ^ 

• TraMS. Jmer. Vol. 3^ I^art III, p. 2418 (191 1). 
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the advantage to be gained in critical cases from the use of thick 
mict strips. * • 

But in all cases^the uncertainty in the calculation yf i,' renders it ■ 
practically impossible thence to d,‘duce the eiuVgy exji^‘nd<‘d in 
the spark. 

I Practical voltage criterion o( sparking. Abandoning, 
therefore, the calculation of the energy as the product of voltage and 
current, we nuist jK*rf(>r( e fall hack uj>on the calciilatiim of a volta^* 
only, and in the first pl.fte the tinal value of the dilfetence of potim- 
tial lx.*tw('en the l)ru^h-tip ajid the leaving sector suggests itself a^* 
a criterion <d sparking. In a dynamo which has hts-n built and can 
he tested Uy? cm ce oT hrudi potential relati\fly to»:he commutator 
does enahkiiis to gain imu h intoimation as to the prohahk* heh.aviour 
of the machine in n ganl to sparking, and a maximum limit of .'i 
to 4j*olts between commutator and brush is a wiluable g\jide. 

But even smii a rule may re<juire to be considerably inodilied 
according to the <ibs<»lute value <d the current as tin* other factor 
W’hich determiiK's the ene rgy eexpendea^^ By means of oscillograi)hic 
exjxTiments, Professor P. (j. Baily and \\’. S. H. rieghorne^ have 
tneasured the actual sparking betw(*en brush and commutator 

at the last moment, and ha\e haiml sue h values as IS to '20 volts 
with carbon brushes without viay \'iolei.( spaikinc Moreover, 
there remains a very similar (•bjection to that whic h meets us in an 
attemjit to calc ulate i'.iv eiiergv <if the sp.i^k ; during the prcK'ess 
of design a calculation «)f tlu“ Imal spat king potent i.d, even if only 
approximate, reejuires that we should know the contact-r(‘sistance 
Rf^ as dependent u}i<m the elledive current-density, and also 
But R^. Is extrcanelv variable* at brushes e»f dilferent sign, es|xcially 
under high temperat"res and when sparking is likc'ly to occur, 

• while the value cjf is not easy of calc ulation, owing to the 
dithculty of jiredicting the damping c*th‘Ct of othe r short-circuited 
coils, esi)ecially when not situatcxl in the same* .slot. 

P'inally, then*fore, we are led tej adopt as a criterion of sparking 
a more easily calculated c|uanlity Al'h or the; atlditional hi.M.P. set 
up iKdween the outer se e tors lying at the extre'me edges of the bru.sh, 

^ so far as cemimutation eleparts from the* straight-line law. To the 
importance of thi# ejuanlitv Pre)fessejr Arne>ld has din*e:fed especial 
attention. To it is due* the diffe*rei!ce oi ^lie )>e)tentials Ix'tw'cen the 
brush and the trailing and leading sectors at its tw'o edges. 

I 30. The shape of the potential, curve. 'Hu; processes which 
are occursing in the shor»-cire;uited cedis are brought to light the 
shaw of the curve which is obtained by ])le;tting the uilfeirence of 

* Joutn. l.EJi , \\A. 38. p. 183; efi, Liska, E.T./. Vol. 30^ pp. 82 4. 

■ '' The ConuTiutation of anel Alternating ('urrents,” by Pff4. E. 

Arnold and J* L. Cour, Trans. Intern. Electr. Congress, St. Louis (1904), 

V.n.1 1 M 
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potential l)etween brush and commutator for a number of points 
along the face of the brush. ^ When the current is commuted® at a 
uniform rate,, and is throughout = 0, such .a potential curve 
iH^comcj^ a straight line at a uniform height above the zero line at 
the positives or below at the negative bnish, the bnish itself being 
in each case reckoned as at zero potential (Fig. 347) ; this height 
corresponds to Wh) normal loss of volts due to the passage of 2J 
over the resistance of contact. But when additional currents are 


* Potential of lommatator in relation 
Volts generator. Volts 



ViG. :m. Im ivasr above 1 J. Im<;. 3(W. -Over-reversal aljove- J. 


til.so tlovVing, the straight liiu; is deformed ; generally speaking, one 
cud rises and the other sinks, arul the result is a more or loss bowed 
curve, either couvhx or conoave to the a.xis, tlie lattcT more (‘s])c‘cially 
with (.ommutating poles, ^ith ev'ery change in the conditions the 
curve of the commutator fotonlial duiuges its shape, so that we** 
have the characteristic sluijHs^of bigs. corresponding to 

the four cases of bigs. 351 354.» With simply i;otarded or accelerated 
commutation in a generator the cmvc is bowed, rising in the former 
ca.so (Fig.;it^>) and sinking in the latter (Fig. ;i67) ; but if the 
current isj either dnereast'd above f ^ or over-reversed ?o a value 
exceeding the curve crosses the zero line (Figs. 368-3^), 
and the direction ^of the jK)teudal ditference chahges, since the 

» ifot nu-ans for taking rtnulings of th) voltage l>etween bru.sh and com- 
Walker. The^Dtagnosing oj Troubles Sn Elecincal Machims. 
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actual currenj is in different directions under the same brush. But 
in every cast?, unless the commutation is first retarded and then 
accelerated (big. 390), or I'lVc versa, so that tlie t \vo^era:)rs practically 
balance one another, one end of the iiirve rises and the oth^r sinks ; 
on the wlK)le, therefore, the curve is inclined, and the greater the 
error in the held, the stee|X‘r tlu‘ slope. There tlins arises a difference 
of {Kitential A/> Indween the two sectors situated at the extreme 
edges of the bTusli, i.e. tlu* algebraic. ditfeiiMue cd the jHitential 

VolU Volts • 


Pu 


a71 Puti’iuials at nu load with 
idc bry.shes on lino of syininotry, 

at the two edges in tlie case of,a wide i»rudi • nveiing several sectors, 
is practically a detmite quantity dejiendmg up«'n the load and 
position of the brushes. When tlie curve e? potential departs from 

t'Mts 



Pig. a72. I’otontials at no-load with brushes * 
in half load position. 

• 

a uniform level, if a horizontal line he found such that it enclosc;s 
equal areas on either side of tfie cur\'!,Tts luagiit alxjve the zero line 
measures the normal loss of volts duj to tin- passage of the normal 
current with tlie resistance of tho T^irbon in its modifa'd condition 
its determined by tlie effectyj|^urrent-density under the brash. 
The special ra.-se of commutation first retarded and tl^en accelerated 
as found "in a non-C()mnT\itatingqx)le generator at no-load with the 
brushes fixed in the geometrical centre, gives such a curve as Fig. 371 , 
while if the bFi shes are fixed in the correct position, say for half-load, 
and so are too far fon^ ard at no-loach, we havd' Fig. 372 ; 'fi Ijoth of 
these cases )t wills lx? seen that ecjual areas iirc enclosed with the 
iero line, ^ince there is practically no #iormal current passing. 
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Next, the potential curve is itself flatter than the^E.M.F. curve 
to which it is'due, since the latter also contains the ohmic dropfover 
the resistances of the coils and their commutatoi connectors. The 
drop off volts across tlie subjitance of the carbon brush itself is 
practically negligible. Corresponding, therefore, to the difference 
of potential A/) between the sectors at the extreme edges of the 
brush, there is a still greater difference of K.M.F. AE acting through 
rtie coils, and the curve of the li.M.F. impressed by the incorrect 
field is steeper* than that of the potential. The system of currents 
is therefore primarily dependent upon the quantity AE, and this 
may be regard(‘(l as constant in point of time when several sectors 
are covered by ^he J)n^sh. It is certainly an experimeKtal fact that 
the steei)er the gradient of the curve of j)otential betweeli brush and 
commutator, i.c. the greater the value oj[ A/), the more the likelihood 
of sparking, so that the magnitude of the quantity A/i wil^^erve 
indirectly as the reipiired criterion of sparklessness in the design 
of a dynamo. ^ 

The number of coils vomyTiied in the production of AE is not 
sim[)ly e(|ual to the number of adjacent sections simultaneously 
short-circuited by the brush width, hut also is proportional to tlie 
reciprocal of the creep m, i.c. to pja, so that, c.g. in the simple 
wave-wound armature^/) ('oils lie in series betw(‘en two adjacent 
sectors t touched l\y the brush; it may therefore be e.xpressed 
generally - as ^ ^ 


where the 



1 sign indicates that when 


. . . . (191) 

, — is a fru'ction, the next 
0 


higher whole number must be taken, and — may be cither whole or' 
fractional. . 


§ 31. The assumption of fixity in the component fields.— -If 

bi - so much exceeds b and .so many sections are simultaneously 
short-circuited that the pa.ssage of one sector under a bricsh, or its 
exit therefrom, may be regarded as taking place instantaneously, 
the armat^ire cross amiHT^-turns wJiich are not short-circuited • 
would remain j)erfectly const a^pt and fixed in spate, and so also the 
magnetic cross field to which tl^ey w'ould give jise. Under the same 
conditions the system of ciirreii^|, 4 n the simultaneously short- 
circuited coils^and their magnetic field would also become fixed in 
spacx;.* The coipponent E.M.F.’s set up Within the shorf-circuited 
^ 

' Cp. C. E. Wilson in discussion on B. G. Lamme’s paper 051 Commutation, 
Trans. Amer. LE E., \o\. 30, Part IIU p- 2423. 

• Ahiolct, Die Gleichstrommaschine, Vol. t, pp. 463-4 (2nd edit.). 

• Any flux-swing due to the pre.sence of teeth and“slot of>enings in the 

toothed armature is in the present section disregarded. • * 
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coils could then be traced by considering them as due to (I ) rotation 
through the external field from commutating poles or from the main 
excitation as modified by any direct or back react ^)n due to an 
angle of lead, (2) rotation throiigh tljg cross field due to yie cross 
effect of the remaining full-current armature turns, yielding and 
(3) rotation through the stationary field due to their own current- 
turns, yielding c,. A possible case of this occurs when tlie commuta- 
tion proceeds*proportionately to the time or is truly linear;' the 
constant self and mutualty induced h.M.F. is then { 
which would equally be given by movement* through a constant 
field of uniform ckmsity fixed in space. Now item (2) may be 
grouped witli (1) so fliat, as in §§ 16 and \'f, fi^^) 1; the impressed 
E.M.F. duo* to the field resulting from the main excit.ition and 
armature ampere-turns so^far as the}' are not shoi t-eircuited ; 
or it»»i (2) may be grouped with (3) as arising irom the field 
duo to all the am])ere-turns of the armature, both short-circuited 
and not short-circuited. In either case the same result is 
reached. ^ • 

But now, if we ])ass to the op])ositc extreme, wlu'n /q * b, 
and only one section is shorta ircuited at a brush, tlie axis of the 
cross ampere-turns which are not short circuited advance's during 
the period of commutation through the a^le corresj'onding to a 
passage of a sector jxist a fixed point or (dge^of a bruslv This 
leads to very little dif^aence in the distril^ution of the armature 
field under tlie poles, but it does li'ad to a slightly diiferent distribu-* 
tion of the field within the' interpolar gap, and this in effiad amounts 
to the cniss field near the short-circuited coils Ix'ing carrieci roiuitl 
with the armat^ire ; conseejiuaitly .so far tluae is no K.M.h'. ^ 

But now if the currentjias not been commuted ii]) tf) J at the end 
•of short-circuit, it is abruptly and forcibly commuted with occurrence 
of a spark, and at the same moment the original distrilnition of the 
cross ampere-turns not short-circuited is reproducetX so tjiat the 
cross field swings back abruptly and sets up an additional IvM.F. 
a.ssisting the spark. This Ic.M.F'. is then a niiin' or less sudden 
effect, and is not the .same as that due to steady movement through 
Of course, so far as the curnuit-change is linear, the displace- 
ment of the cros?* field is only the difTerencc' between Tts forward 
movement due to*totation and its Ifafkw'fird movement due to the 
variation of the ampere-turns in the short-circuited sections, and 
when the current-change is |>erfectly. linear, then again even with 
b^-bfn< h we can returif to the same components as ;lbove with 
( v in term (3), or with thc^total armature field ‘due to all 
turns as fixed* in space. 

Now the usual case b^- b^ > 2b lies initermediite J;etween 
• ^ » 

* Mauduit. Jiechcrafies lixpirimentales et TMoriqxies sur la Commutation, 
p? 262. • f 
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^ the two ; the spacial variation of the cross field is only that due 
to the continwal entries and exits of one sector, the peiiod of ojfcilla- 
tion of thu crpss field being shorter, and its amplitude less in pro- 
portion ^^o tlie t(jtal number coils short-circuited. The amount 
of the back h^M.F. added l)y the abrupt .swinging back of the 
cross field is, however, practically impossible of calculation, and 
in tliis lies one of the difficulties of devising any formula 
whidi will completely express the conditions that may lead to 
sparking. * 

* The bes’t j)ra{'ti('an)a.sis therefore is probably to assume that the ^ 
change? of (airnait actually is linear, and that the short-circuited 
coils endowed kvitti fiidiiclance V -|-2’.//ate moving through a 
stationary (;xt(;rnal tii'ld and a stationary cross field of density 
which together yi(‘ld /(/). 

§ 32. The calculation of AE. -In regard to the quanti^: AE, 
a marked distinction exists betwetm tlic two cases (A) wlien commu- 
tation is due mainly or wholly to an actual reversing field suited 
to (litt'erent loads and obtayied either by so shifting tlie brushes 
as to reach such a fu'ld or by means of special (commutating) 
poles, and (B) when the brushes iu,ust lie retained in some one 
fixed j)osition without tlie assistance of commutating poles, and 
commutation is as it ^ere "forced" by the action of the brush 
contackresistance.,^ 

In either case, for ^lerfect commutation in a straight line, the 
''E.M.I^. to be impressed on the coil by the resultant external field 
should be from cipiation (180) — 


/w, 


2; 


■r ^ '' 



Further, if a drum coil is moving in any field of density B which 
holds over the length L of one active inducing side in centimetres, 
the E.M.F. actually produced in that one coil-side is 10'® 

volts where v is its peripheral speed in centimetres per second and 
= ZjlC. ** 

The several alternatives ikider case (A) are then as follows — 

A (i). — )n a dynamo wilhoui commutating pol's, let B^ — the 
density of the main symhietftcal field at the given brush position 
which would result from the fitrld excitation. ’ Let B^ — the density 
at the same brush position which would be due to all the ampere- 
turns of the armature which are not short-circuited and 'wFich are 
therefore carrying the full current /. Then each side of the dtum 
coil (assumed to be full-pitch) is moving through a<similar field of 
density JS =c over it? wliole length, and for the coil as a 

whole * ^ 

/ (/) “ 2w' iB^4 B^) Lv X 10'® volts * • 
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Equating this to /(Oe. wc find that for perfect commutation the 
correct value of is 


Bn 


[wLwXlO-* 


y+s.Jr, 

T 




(192 


This, on the whole, must yield a negative or reversing effect as 
shown by the negative sign. 

A. (ii). — commutflinfi poles. • , 

(a) If the.se are as many in numlxT as ther« are main ^)oles, and* 
their axial length J^r i^ e(|ual to the length of tlie ai inatun' core 
L, B = Bf, the den^iity of the reversing i\i\, ^id for perfect 
commiitatiqji 

J ( V., V,// 




wLv X HI 


-l)!- 


(WA) 


(h) If /' f'l >” inti'ipoliir 




(c) If there are only half as many coiuj^utating poles as there 
are main poles ^ ^ 

r 2J 


r i 

/■i V.// 

b(‘ 


1. -LA 

' /xJ 

luL.vx lO'O 



A) 


B, 


I 10 ' 


T 


Kf i)! ' 


Neglecting, then, the ohmic resistance term and its variatityi 
with time as of comp'arativcly small influence, if (‘ither B^ fir Bq is 
on the whole of such amount as to balaiuc; tlui inductivi; voltage 
,( /^)2//r andlhe cross field if jiresimt, the only remaining 

cause that may still set up sparking li(*s in the diffKulty of securing 
such exact grading of the Reversing field as to suit the 4rue variations 
of 2*. Both 7?o and B^ vary as moveanent of t he coil proceeds 
by rotation, and so also does -b 2 • not only as the distaiu e from 
the main pole-tip or commutating pol<»-face var*t‘S, but al.so from 
the different location of the short-circuited coils on either side or all 
* on one side of tlj^ considered coil wit^i which they are linked by 
mutual inductance. An average r^tt of. change of the current or 
(lA A- H ■ Al')2J i'r wUh //-}-2. // fegarded as constant, and an 
average adjustment of the reverstng field is all that can be taken into 
account. .The divergence from the ideal condition .is at each 
moment the difference between the real /(/) and ^he required /(Or, 
and if each o{ the coils acted updn between the edges of a brush 
happened to be exactly similarly affected, the total E.M.F. between 
the two sectors at the extreme edges of the brush would be » . 

‘ c*l/(0c-/Wj=A^- 
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Its actual amount hardly, however, admits of practicaj calculation ; 
it c^n only be said that tiie greater the necessary value of or 
of the angle of. l(jad when the brushes are shifted, the greater the 
difficulty of obtaining a balarce between the reversing and the 
inductive voltages, so that under all conditions of load AE may 
remain 0. 

But in case (B) icnth the brushes fixed in one position and without 
the assistance of commutating^ poles, a more definite lialculation of 
AE can 1)0 made. 

(1) If the fixed position corresponds exactly to the interpolar line 
of syiifmetry, i.e. to the no-load position, then a\ full-load there is 
present in each Miott-nrciiited coil an IC.M.b'. in the wrong direction 
from and also an K.M.F. in the same incorrect diriction from 
the inductance. Tlu'se must cause the (Jifference of MM.l'. between 
the brush and sectors at its two edges, and as a first approximation 
it is sufficiently accurate to assume that at full-load the inclined curve 
of E.M.h'. between brush and commutator rises in a straight line. 
If B^ be ree koned for a |i»)int^nidway between the edge of the bnish 
and its centre, the latter being also in our present case the 
geometrical centre Ixdwcxn th(‘ poles, an average value is obtained 
for the IvM.F. due to thc^ cross field, which each short-circuited coil 
may be assumed to gi^* throughout the period of commutation, 
namely^ 2icBfi.v x* 10’^ volts. 

The IC.M.F. thendroiji sumimxl up betwedu the edges of a brush 
fliroug'li th(^ (\ coils will be times that of a single coil, and 
similarly the total for the aveiagc IxM.h'. from the self and 
nfutualjnductance will be Cfc( f- X ■ //)2//T. 

The ohmic resistance term which should be i)ii?sent for ideal 
commutation rises as an inclined straight liiu from 4* JR to - JR, 
changing sign midway during tin* j)eriod of commutation, i.e. under 
the centre of the brush. So also the small .symmetrical field wliich 
is pre.seiU changes its sign midway under the brush and is similar on 
either side of the centre. Hence, whatev'cr the tlegree of divergence 
between these twi* for any^ point on the. one side of the centre, 
the same div'crgence but in the oj)posite direction exists at the 
corresponding point on theVther sidg. I his unbalanced K.M.F., 
equal in amount but in opposite directions thr^iugh the coils at 
each end of the short-circuited group, does not come into con- 
sideration from the present point oi view, since it is only an E.M.F. 
in the same .series direction through all the coils, corresponding 
to a«^permahent curve of volts between bAish and sectors inclined 
to the axis, with which we arp concerned. Hence, the effccU-of 
any divergence between the ohmic resistance and tlw symmetrical 
field, w1y*>i summed up between the limits of the brush edges, 
canct'fs out, and wo are left witli the Inductive apd cross volts only 
to cause AE. 
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The total difference of E.M.F. between sectors and brush at the 
two extreme €dges is therefore at full loiitl witli brushes fixed in the 
geometrical centrg ^ 

- Cfc I — - - -y, 4 2u’BJ.v X 10-" volts . • (196) 

For purposes of comparison betwo(‘n difforont machint'S it will be 
sufhciently accurate to determine for the actual centre between 
the poles from the appr(^)ximate equation , 

_ 1-257 m J/JAp 

c. sXfAV, 

(2) But ifothe bnisTies may be fixed at the j^o^itioa corresponding 
to half-loac^ or J 2, and it is assumed that A/:' then complidi'ly 
disappears with current //2, and armature field-density B,J2, tlie 
value di)f the initial n-vc-rsing field B„ from the main excitation 
must be 




This negative field now piasists at no-load, although jiractically no 
reversing fu'ld is required, ff B,^ is calculated for lull-load and for 
a point under the I'entrc of the brush, tf ii. .inaloeously to the 
jirevious case, the average value of the iiK'orriH t is 

A’./') ) 

’ j wB,Lv X lO-*^ 



since, when summed up Ixdwi-en tin- (-xtrenif- limits of the brush 
wiilth, the inaccurai'ies du<* to the ohmic n-sislance can>.el out. 
Merice 

( / . ( > 1 2 ’. //) ) 

• A/r2 --f;,r • ■T7cA,./.e . i()« voits (i97) 


On the other hand, at full-load the*reversing fiehl shou’ld lx doubled, 
so that A/A has the same value, liiitTs ])ositi\'e. 

Thus the numerical value of A/r'g for constant . field-excitation is 
approximately the same at full and at no-load. In jiracticti, with a 
shunt-wound machine the degree of inc<trre( tness is underestimated, 
since the negative^reversing field is at no-load slightly increased by 
the absence of the back amixrre-tuni.> of*half-load, and at full-load 
is weakened by the increase of tlfe back ampere-turns ; on the 
other liand, with compound-wound machines the conditions are 
consideral^y more favonmble for the reverse.: reason. * , 

It wall be seen that the amount of A/f is practically halved in 
case (2) as conipared with the case oflirushes fixed at the geometrical 
centre, although it must be remejnbesed that, owing to the angle 
of lead in case (1). is slightly larger than in the first case. * 

♦ Of the tw^, AZii is the more readily calculated, since it does not 

9 — { 5065 /: 
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require a preliminary determination of in the correct brush 
position for half -load. Die term !/ -f- 2\ // of a (hum coil pis by 
■ equation (I^) 

o 2/T} X 10-8 

Jlcna; if is expressed in terms of the ampere-conductors per pole 
1-257 /Cw/2p 

r A7 ^ armature diameter in centi- 

metres and iXivolutionS per minute, i.^. as 7rZ)^760, equation (196) 

^ becomes* 


A/-,. . 2r-,.^/ f E 1 X .0-» 

(. ‘ V >60 ■ic-hKl//2p} ^ 

wlicn; all (liiiuaisions arc in contitnetres. ]''inally, with as many 
sots of hrushos as thoro are poles, giving Tits value as in equation 


(190), namely 
ttN 


b, - b,„ -I- b 

.V. 




1 I 7r/),,iV 

seconds, where i' - - and 

r ^ , 


hiking outside the j j bracket, 
AA, - 0 l047ri.ie-/il 


lir, sa^ 

= C,wyN 


r 


-iT 

I 

1) 


4ttD 
fcT A7„ ^ 




10-8 


1). 


Iq \ b 


(■;) 




, 4W) , CLI ■■ 

■ ('98) 

Since in each part of the expression there is a ratio of two lengths 

l\ l> 

‘ ( calculated in inches, and 


only L and /(A, d Aj) d -2) A' need he found in C.G.S. units 
The difference between I. and / suggested by the use of different 
symbols is made for the reason mentiontd at the end of § 24(6), 

§ 33. The permissible value ol AE, or the sparkiiig linut of 
output. With metallic brushes, s.ay, oi copper gajtzc, so feeble is 
the action nif their contact-resistance tlvit, roughly speaking, there 
must be a reversing field of value' suited to each load ; in other 
words, A£ must very nerrly = 0. This implies either that there 
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must be commutating poles present, or that the bnishes must be 
shifled into i. reversing field, and the \^ant of exact balance must 
be confined withki quite small limits, with a variation of, say, not 
more than 20 per cent., or 10 |x*r cent, on either sidi' of tl^ cwect 
load for the given brush position, further, it implies that the 
armature core must almost necessarily be smooth, so that . / 
may not be increased by embedding the wires in iron. 

But with carbon brushes, which are a practical necessity 'with 
slotted armatures, a much greater inaccuracy of adjustment may^ 
be allowed, and as a practical limit which will secure sparkless 
commutation under average conditions with carbon brushes of 
fairly high resistanci? may be given * 

• SR ^ 4 to 5 volts. 

We are thus met with a condition for sparklessness which, entirely 
apart from any qiKstion of heating, may limit tlie maximum 
current that can be t)assed through an armature, and therefore for 
a given speed of rotation and voltage may limit the output of the 
machine. Again it is seen from equation (198) how advantageous 
from the point of view of sparking is the miiItii)olar inaclune, liy 
reason primarily of the reduction of tlu; inductive* volts {kt section 
which it renders ])ossil)le when the aric iture* current is large. 
With the lap-wound armature and one-turn coils (<»:’ - 1). l)v tlie 
passage from a smaller to a largeT number of poles, / can always be 
proportionately reduced until its value* is rv asonable*, even iliough 
the product ]Z or the: ampere;-conductors eui the armature remain 
the same. 

With carbeui l)rushe;s and under the al)e)ve limitation fe)r A/i, 
a fixed bru.sh position l)ece)nu‘s possible bejth with and without 
ceunmutating pole^s, althemgh with less case in the latteT case. With 
commutating poles, the want e)f balanec l)etwe‘en the reversing vedts 
and the inductive volts s*lie)uld nfver exceeel 4 te) i) volts {cp, § 42 
and bigs. 374 5), W'itlmut ce)mmutating ])e)les and with the brushes 
advanced half-way towards the correct pejsition fe)r full-le)ad and 
fixed thereat for all loads, the (onditiou 

AZ :2 1^4 to 5 ':^)lts 

Ls obtainable. • 

If the brushes have in fact to bo fixc<i in the geometrical centre 
at all loads, AEj .should strictly not exceed the same amount, but 
under this more stringent cicse some greater latitude has usually 
to be alloA^ed, and we have, .say, • 

SEi 6 to B volts, 

• — 

preferably accompanied by the employment oi hardei brisljps. 

It has been stated that is the more readily calculated 
quantity, sa that finally it will be adopted as the criterion for the 
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non-commutating-pole machine, and equation (198) must not be 
yield more than 6 to 8 volts. Even when th? brushes%iay 
' be contimiou^y ^hifted or may be set at this position for half-load, 
so that commutation need not (be entirely '' forced/' the calculation 
of AEi serves as a practical guide to the good or bad qualities of 
the dynamo as regards sparklessness, since it is a measure of the 
maximum voltage that the brushes will be called upon to correct, 
should they receive no adjustment to suit different loads. In fact, 
accordirif' to "‘the circumstances of the dase AA] may be given 
different values, although in every case the ideal sliould be to 
reduo? it to the iow(;st possible amount. ‘ 

In the dynaAio .wihi coniinutating poles, Al/ vvoii,Id only ari.se 
if for some reason th(‘ winding of the coniniiitating jHiIes became 
sliort-eircuitt'd and their e.xcitation cea.sed ; its value by equation 
(198) w(aild then b(‘ ('xceeded owing to the presence of tVe iron 
comnuitating poles iinnu'diately above the* armature poles and 
above the short-rircuit(‘d ('oil-sides. Vet (‘ven with commutating 
poles and apart from fhe ;^t)normal possibility abovt; mentioned, 
the vahi(‘ of A// may Ik* adopted as a (luantitative criterion for 
comparative pur[)os(‘s, if the scrond term of (198) dealing with the 
cross h('ld is omittcal when there are as many commutating as main 
poler and of e<jual axia^ length. If of shorter axial length, for A is 


to be substituted* , and if there 

. • 2A 

commutating as there are main poles 


a^e only half as many 
Ar. 

-is to be substituted. 


fhc fq^ures thus obtained are a measure of tlu' density that the 
reversing held must reach. 

In considering the limits laid down for AA]> o^' Al/, in relation 
to the maximun\ corrective action that hiay be expected from, 
carbon brushes, it must be rememberetl that Ap is less, that it 
may atjeast liartially be divide^i betw(*en the toe and heel of the 
brush, and further, that 1 // has l>een calculated at its 

maximum possibly* value .so as to be on the .safe side. 


§ 34. The separate factors influencing sparking. — Althougli 
equation (.198) is only indirfctly a[)plicablc as a criterion in the casCf 
of machines with commutating poles, yt't in \dl cases from an 
examination of it a clear idea, can be gained of the various factors 
upon wliich the sparkless running of a dynamo cliiefly rests. The 
same essenti/ii relations may be expressed in many other ways, 
biif when analy.sed they will idways be found to re.solve Ihem.selves 
into the combined effect of %two fundamental factors, the %hrst 
dejx'iiding Tij)on the self and mutual inductance cV»a section and 
the fuiKibcf simul{aneously''shdrt-circuited, and the second upon 
the cross held or the magnetic t'ftect of the* armi\ture ampere- 
conductors per pole so tat as the short-circuited sections are nf>t 
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covered by a commutating pole. The sum of their effects across 
the #idth of # bnish must be so closely biflanced by the voltage from 
the external fieldi through which the coils are yioring that the 
divergence between the two, A/f, .pever (‘xceeds a certiyn snnill 
number of volts. It remains to consider liow far it is ix)ssible for 
the designer, witliin the limits imposed by the requirements of 
commercial economy, to influence favourably the values of the 
different itenm. 

The disadvantage of aliigh peripluTal speed, wheth?T of armature 
coil or of commutator, is at once evident. Ksjn’cially i*s this dis- 
advantageous in tftf;* case of the commutator,^ and herein livs the 
dirii('ulty of The design of continuous-current (Jynfiinos for direct 
coupling to«stcam turbines, since the induct iv(‘ voltagi* reaches such 
high values that spiH'ial devices to secure nu^re favouniblt^ conditions 
becom*? imperative. Tluie is, too. a limit to the out|)ut of kilowatts 
which can be satisfactorily reached with (Mch voltage, although 
opinions may differ widely as to the exact })oint at which sj)arking 
sets a limit to the ])ossible size of the^nachiiu*. - 

As regards tlu* number of n'voliitions per minute, the designer has 
in almost all ca.ses to accomuK^lale his design to the najuireinents of 
the [iriine mover, so that .V is virluallv fixed, riu' (|uoticnt of the 
watts of output divided by th(‘ ri'volution^'^ier minut- is therefore 
the fundamental datum of the design. As w^i In; exj)h|ined in 
Chapter XX 1 1, tlie gi\Vn value of this verv imjiortant ratio, even 
apart from any otlier considerations, necessitati's a certain minimum" 
value for the [iroduct of tlu‘ square of the diam(‘tt‘r and of the length 
of the armature core, f.c. of 1)-L, in order to (omply wit); usiuil 
heating conditi(yis. Although the division of tiie product into its 
two factors is not theroby prescribed, the designer is now, giau^rally 
•sjx:nking, eiiabhd by reference to standard sizes and patterns to 
decide simultaneously the most suitabh* nunib(*r of j)ol(‘S and type 
of winding in accordance with the principles of § 17, ChajiUT XII, 
and thence the separate dimensions 1) and A. These will be chosen 
so that J is neither unreasonably high nor unreasonably low, and 
so that the numlx-r of turns jht coi! or /c which is a most 

^important factor of tlie wholy expressit)n, may, if jxissible, be re- 
duced to 1 or retained at that value. \Vith a sjnq:)lex lap armature 
although by an increase in the number of pol«‘s / is proportionally 
increased, the number of turns ix^r section or //2C' can at least 

^ Rotary y:(iTivert('rs for .SOfrequenoy anti IukK volta^'cs, wiTh an ordinary 
commutator without shrink rings, may fiav<* to work with a peripheral 
vclo^ty of commutator exf ceiling 50(k) (x- even 8000 ft, p<*r min. But such 
speeds have not general to be met in ciintinuoiis-current generators, unless 
driven directly by .steam-turbines. , n 

• C/>. S. Senstius, ” LimitationsTn Direct Current Machine Design, and 
the folhmnng dirtcussioh, Trans. Amer. I.E.ll., Vol. 24, p. 089 ; and i’rof. VV. 
Kfimmer, Schtueiz, Elek. Verein Eullftin (192^, l.'Hh year, No. 9. 
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theoretically be still maintained at the same value by proportionally 
increasing the* number of commutator sectors. There are, howler, 

• practical limiti h^tb to the decrease of J and to ^he increase of C. 
On this ^account J in practice averages from 150-200, and seldom 
exceeds 300 amperes even in low- volt age machines, unless commu- 
tating pol{‘S are fitt(id, in which case it may be raised as high as 
4(K) 500 imdtT favourable conditions. Next, constructional con- 
siderations from the size of the armature limit the greartcst diameter 
that the comihutator can conveniently haVe, and on the score of 
expense, of brush friction, and of commutator peripheral speed, 
the SFvallest convenient diameter will so far as possible be adhered 
to. But now it- is evident that though it is always mpst desirable 
to bring w down to its limiting value of 1, when each sedition of the 
drum winding consists only of a single turn, this will not be attain- 
able when 7tI)J(', the pitch of a sector, becomes too small. As 
already stated in ('hapt(!r XII, § 17 (3), there is a minimum thickness 
of sector which permits of satisfactory connexion to the armature 
winding by a lug soldcuTd iijto a saw-cut or riveted to the side of 
the sector. Henct^ if / is to start with, or is made, low, it may 
become neces.sary to pass to w 2, or ^ 4, and so on. At each of 
these critical stages the designer must consider the f)ossibility of 
sligldly modifying the Mimensions .so as still to be able to retain 
the lower valu(‘ yf 1 ; or the effect of adopting a wave 
instead of a lap winding must be tried oil the lines laid down in 
'Chapter XI I. § 17. * 

The width of tlu' brush l)^ may Ix' regarded as to some extent 
o'Pen t<^ modilication at will, but it must be one or other of a few 
standard si/.i's, and it must lx* such that the full or f\ver-load current 
can be collectixl without (»veiheating and vw*thout an unduly long 
and expensive commutator. luirther, the introduction of the* 
multiplier C in the criterion of sparkingjias the effect of limiting 
the possible use of very wide brushes. ^ Assuming any given com- 
mutator, speed and value of C, an increase in the width pf the 
brushes inco'a.ses the number of coils simultaneously short-circuited 
and also the time of commutation nearly in the same proportion, 

so that the* ratio -T“ or , - remains the same. On the other hand, ‘ 

I *1 J>m . 

'' -t- 2’. //, or /(A, I A,) I 2/',V, is increased ^projwrtionately when 
the additional short-circuited coijs are in the same slot, but not 
proportionately when they arc: distributed over more than one slot 
in each interpolar region. But in either case tlie total* inductive 
voltage acro.ss the width of a brush must be greater, and alsc<the 
cross field voltage w'hicli increasi^s with C*. It thui 'results that bi 
practicai'ly V)ecomes fixed. ' • 

^ C/>. Miles Wiilkcr, The jyiagttosine of Troubles it. Electrical Machines, 
pp, 362 -4. V * 



COMMUTATION AND SPARKING AT BRUSHES 135 


If then is fixed, and is near its minimum value, but it is still 
open»to the designer to reduce the vaIue*of w from, say, 2 to 1, or 
from 3 to 2 by inci^ase of C. without the pitch of the sectors lx;com- 
ing mechanically too small, C,^U' remains constant, fiiit /(A, -J- Aj) + 
21' k' increases owing to the increase in the value of j^, so that 
there may l>e no great difference in tht* total value of -f- 

^ 2 ) + 2/'A' j. There would not then apjx'ar to be any advantage in 
adopting the higher value of C or lower value of ir, and in ‘this 
respx^ct equation (198) fails to represent the inu; fact.*?: The reason 
is that it is based on a uniform rate of cliange in all cohs, but actually^ 
there may be consi<lerable divergence from tiie supposed unjform 
rate. The with, say, only half tluj t irns of anotluT 

coil is then«nly one quarter as great, and its inductive eifect u]H)n 
exit from short-circuit with the additional curnait // flowing 
in it u far less destructive! A reduction of u> therefore always 
takes preciHlencc as a means of reducing sparking, and such a 
condition must accompany the infenaices tliat may be drawn 
from e(iuati()n (198). 

Next, if / and a> havt' javK'ticable values, but to accommtKiate 
the chosen number of sectors (', the diaimder of tlu* ('ominutator 
must be iiu'ic'ascd above the minimum, it will be obs(TV(;d that 
although is incrcasc'd. (\ is reduced fc a given brush width, 
and also /(Aj l- A 2 ) i ‘2.1’ X', s<) that the balance of advantage still 
lies with tlie larger mi.aber of sectors, \intil the si/.e and cost of 
the comrnutaior, its high peripheral sp<‘ed, and friction loss become 
])rohibitive. 

Ihus the control of tlu; various sparking factors for a prescribed 
output in volts and anqxu'es and a giv(*n s|X‘(‘<l is closely limit(‘d 
by various considcTat’ons of price and mechanical design. Ihe 
•attention of the designer must be concentrated on the value of 
U) :r; //2r, and uy>on the reduction of /(A, f- A^) b 2/' A' by a careful 
di.sposition of the winding and chbice of slot-pitch. Beyond this, 
at best, only a judicious ('ompromise between many conflicting 
considerations remains open. 

§ 35. Importance of a large number of sectors.— The final 
^re.sult of the examination of §34, whe1.|Jer with or without commu- 
tating poles, is tUcrefore to bring into cs[x.‘cial promfnence the 
value of w as the primary quantity which can be modified by the 
designer, and it has >een shown tlfat the extent to which it is 
advantageous to subdivide a given armature winding into a large 
number of«small sections only limited by the questidii of expepsc 
in rnamifacture and the difficulty of dealing with very thin commu- 
tator sectors, . J'he armatures of closed-circuit machines for high 
pressures of from 5()tl to 1500 volt?* necessarily have a considerable 
number of turns |x:r section, vsince they are wound with a Targe 
nmmber of aK:tive conductors ; hence, cj/en though the current of 
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such machines may be comparatively small, special care is required 
to render them sparkless fn working. The practical limits foi? the 
value of w as, related to J have already been given in Chapter XII, 
§ (4), ^ , 

In the case of armatures for large currents at low voltages and 
high speeds, the designer is often met with the difficulty of securing 
the minimum number of commutator sectors per 'pole which is 
advisable;, and for which the limiting value has boen set at 15. 
Kspecially wid) large bipolar machines and tiirbo-dynamos does 
4his difficulty arise, since; the* total number of bars which is required 
may ,work enit to less than 60 ; yet even witli.-inultipolar designs 
it tnay also ocea r. Iti sue h cases recourse will' be made,,to multiplex 
windings ; the commutation of the two e)r more subdivitae)ns of the 
winding under each brush is not tlu^n exactly coincident, but erne 
is always in advance of the e)ther, so tliat some advantage is<gained 
in the self and mutual inductance which will ?;e somewhat less than 
that of the simple undivid(‘d loop. Yet against this advantage 
it must always be borne in piind that the time of commutation is 
reduced for the same width of bnish as explained in § 27, The 
Sana; reduction in tin* time of comnmb'ition is (;qually a disadvantage 
in tlu; adoption of a multiplex wave-wound armature. 

\Vh(;re a duplex lap *«vinding is to be recommended on account 
of tlu' paucity of the numlx'r of active conductors and commutator 
bars per pole that otherwise* r(*sults, an additional precaution for 
‘securitig eepial divisioidof the current and sparkless running consists 
in the use of .separate ecjuali/ing connexions for two independent 
windings, oik* .set at (*ach end of the armature, and the final inter- 
connexion of the two sets of eepializing rings ; the farther end of a 
bar should Ih; at the same potential as the m^xt commutator sector 
ahead of the one to which the b;ir is itself attached, and by the above 
device, due to Mr. V. Punga, this result is automatically attained at 
a mimlHT of “points correspondffig to the number of equalizdng 
rings. 1 

A more drastic^ solution of the same problem is the adoption 
of a single-winding with a ('ommutator at cither end, the upper 
layers of bars being connecied at each end to a sector ; when the 
brushes are correctly placeci, the unit'* which pas^i'xs into and out of 
short-circuit is thereby rodiuVd from a whole to a half loop, but 
the adjustment of the brush positions at the fwo ends calls for the 
greatest nicety to secure eipial division of the current. Finally, 
by taking out** commutator connexions at intermediate points along 
each bar through the air-ducts, each loop can be positively siibdivyjed 
into sections {cp. Siemens' patent 1 1 ,471 (1904) ). Byt care must be 
taken that ^uch connectors do nbt theiqselves add a considerable 
amoulit of inductance (cp. Pluenix^ Dynamo C ompany's patent, 

* Joum, LE.E.. Vol. 39. p. \'.00. 
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1 1,701 (1907) ), and the proper mechanical support of tlic leading-out 
wir(|^ alwayf#remains a difhculty. ' • 

Above the mirynium number of sectors jkt pole, ^ay, 15, which 
is advisable to secure steadiness of voltage, and al)<)\’c tlie minimum 
which is necessary to bring the average voltagi' jxt sector or 
\ \ .2p 

— below„say, 20 to 25 volts, so that there may be no Hashing 

across from sector to sec tor over the intervening mica, no rat‘ion?(l 
formula for C in terms of / and / can be given whielV will siijvrsede 
as a short-cut the longer calculation of the' average' inductive volts 
( ^ d ^ which it forms tlu' chic'f part..^ 

If the arnuiture l){*multipolar and par.dlel-fonne( icd, tlu' number 
of slots ami tlierefore also of sectors must be a multiple of the 
number of pole-j)airs, to jx'rmit of e(juali/.ing cross-connexions 
joining points which should be at true eijual potmiial. 

Hut even when ( has been provisionally decided upon, there 
remains tlu' closely connected question of how many sectors or coils 
may In; assigiu'd to each slot in tlu* h)othv‘d armature'. 

§ 36. The number of ampere-conductors and of sectors per slot, 
fn tlu^ tootle'd armature' the^ e’once'utration of more' than two coil- 
sides in the* same* slot is, the'oretically spe'aking, wrong, since^ with 
a greater number than tw'o the s])acial disphu'ement of the sectors 
is not mate lu'd ley an e'ejual spacial disphie-erne*nt of the* coiN. I he* 
ce)ils are* not therefoiv pree ise'ly similarly e ire umstaiu'ed in their 
position re;lative ly to the' tie'lel whe'ii short-eire'uiteel. 

Measureel on the; circumferenee of the* armature', the: maximum 
displace'iuent of a coil-side* within a slot from its e'orrect position feir 
truly uniform ehstributiem e'orresponding to that of the; commutatejr 
sectors is 



the assumption be ing that the ce.'iitre' c<nl-side is take'ii as the* e'orrect 
standard, and that the brushes are; admstexl to suit this coil-side. 
/) and 1)^ are; resjx'ctiwly the eliameteTS of the armature and com- 
mutatex, c is the number e)f sectors ixt slot or half the number of 
coil-sides per slot# and these are- assumeel to be arranged in two 
layers, and r, is tne distance between tlie; centres e>f two adjae'ent 
coil-sides in the same slot anel in the same layer. 

In practice the use (d a number (d slots e(pial to the number of 
sectors usually involv(*s foo great a loss of span; in in.sulation 4ind 
toq, .slender teeth. The wide tooth whicli results from grouping 
several coil-sid#s per layer in the same slot is stronger mechanically, 

* See especially Dr I’ohl, Jouri*. I.E.E., Vf)l. 40, p. 250; and I rot* Miles 
Walker's reina^'ks, p. 256 ; and the latter's Specification and Design of Dynamo- 
&ectric MacfHnery, p. 517. • 
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and allows better ventilation through the core by air-ducts. The 
correspondingly wider slot ‘has the incidental advant&ge that ithe 
slot-inductancc^ of several coils simultaneously i^iort-circuited in 
the same slot from* the very fact of its width is not so much increased 
as might at first be exj)ected. The practical advantages, therefore, 
of comentration outweigh the theoretical objections. But such 
coiicentration must not be pressed too far, since if ccttain limiting 
v^alu(;S are exceeded the hindermost sector of each sldt, being the 
one that is mo;4t disadvantageously situated, becomes blackened or 
dat(;n away by sparking along its trailing edge. Indeed, this defect 



Fio. 'M\\. .ViniH'if -iotuluclt^rs per slot in r(;fation to diameter 
of armature. 

is not infre([uefTi in dynamos in vMiich the pressure of economical 
considerations has led to an undue conciiit ration. The number 
of sections per slot^ must, in fact, bo considen'd in relation to the 
current and number of turn^ in each coil and other conditions upon 
which the likelihood of sptrking (hjHuids. Finally, as already 
mentioned fn Chapter XII 1‘ § 34, with straight-,sided open slots, ' 
their width of ojH'uing shofild lad much exceed T'dii order that the 
humming noise may not provd objectionable.* 

For ordinary voltages from KXf to 500 the number of ampere- 
conchictors unit area of slot remains vefy constant in generators 
of good modern design with toothed armatures, even when of widely 
different size. It ranges from kX) to IhX) ^x^r square inch of .5ot 
area, and oi^ an average is 1000^. Tlie width of an open slot is 
practicalfy limited by the necessity of avoiding eddy-currents in 
the pole-pieces even when laminated, and the ix'rmissible depth ot 
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slot is limited by considerations of inductance, tooth-saturation 
(Chap. XII I, ^ 39), and heating. Therc*is therefore a limit to the 
{)ermissible size of slot, so that even in large multij:^j)lar machines 
its maximum cross-sectional area is about one square inch. In 
small machines the size of slot must necessarily be reduced, and 
the utilization of space is not so good. It thus lesults that the 
curve connecthig the ampere-coiuhictors per slot with tlie diameter 
of armature rises gradually, as shown in big. 373. and a]'>j)ro;t('lKvs 
a maximum of alxnit ItHM) amj)ere-couductors \h‘V ’.dot. 

Practice shows that when such values of tiie amj)ert'-Conductors^ 
per slot are accompanied l)y the condition that / with any. given 
number of turns pei*coil do(*s not excard tiff’ limi.s laid down in 
Chapter Xil, § 17, the dilference betwecai coils at tlie two edges 
of the slot will not bc’ so mark(‘d as to cause sparking. I'lie rom- 
binali-^t of the two conditiAus leads to the rc'siill that for a given 
diauK’ter (d armature with any particular value of J, and so of 
the gi\’en turns pea’ coil, one, two, or three, as the case may be, 
there is a minimum permissible number of se<’(ors per slot. Thus 
an armature of 20" diameter 

with J < 22-5 ami 3 turns jrr coil, must have at h-asl 5 s<'( ti»rs jx-r slot, 
ami 2 turns jx-r ( oil ,, ,, 3 

,, : • 50 up to 200, ami 1 turn per cuil 2 

An armature of 50” diameter or over 

with J > 50 up to 200, ami om; turn per coil ,, 3 ,, 

It further results from the two conditions that there is in jiracticc; 
a maximum jxissible number of sectors per slot in each case, whit'h js 
given l)y the product of th<; minimum number and the nu.nber of 
turns per coil. It thendore coincides with the minimum number 
when J is > 50 and there is only one ttun per ('oil, but for small 
values (d / it seldom is reached owing to the conscxjuent size and 
expen.se (d the cominutaU)r. Any mimber of .secto-.-'i pcT slot larger 
than the minimum up to the maximum po.ssibhg being accompanied 
by the condition that the amj)ere-conductois per slot do not exceed 
the limits of Tig. 373, is to be regaKv-ecl not as a concentration 
of coils into a slot, l)ut rather as a finer subdivi.sion of the? winding, 
\ and so is to the advantag* of the machine. In luttctice, two 
sections jx^r .slot i^ the rule for low wdtages and high sixxxls, rising 
to three as the average, and even U> four or live sections per slot 
in machines of high voltage and low speed. 

. 

The Non-Commetating-Poi.e Machine 

§ 37. The Smiting number of ampere-conductors per pole.— 

In the machine with commutating ptdes it is 'a necessary p^rt of 
the design that the excitatiorf"of the commutating pole must more 
than counterbalance the armature ampere-conductors on the half 
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pole-pitch. But without commutating poles the main field excita- 
tion must be relied on to keep in check the cross field of the armature. 
Not only muAt (he density of the main field component at 
the bru.'^i position counterbal^aicc but there must be left in 
reserve a definite reversing field B^^ at that spot. The accurate 
calculation of tliis is given by e(|uation (147) in Chapter XIX, §8 (d), 
and by the coria^sponding e.xpn.-ssion for tlie flux-density when y' 
is made e(}ual to c - C). 

Hut withouf necessarily attein[>ting any'exact calculation of the 
distribution of the fi<‘ld throughout the interpolar gap, comparison 
betwe^*n dilhin'iit designs or between different numbers of poles 
may Im; made l^-y ;i;;suming that in every case the bnishes are ad- 
vanc('d as far as tlu' (Hlg(; of the leading pole-tip. Corresponding, 
tlien, to (‘{{nation (174) for tin; defisity at th(‘ trailing pole-tip, we 
have for the density under the leading pole-tij) 
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1'^ ' .^.)i 


A7, |. 

SiiK'c; A,, is now assnm<‘d as 90 ' (1 fi) iind is practically negligible 
in comparison with A7j;^)wing to the low (h'lisity, this reduces to 
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In oixU'r, then, tlial this may hav(‘ some value in the required 
direction, it must ))e the cas(‘ that 

.,r a; f-.\v-y//2/> 

and in {)ractice‘' * 

A'j, I A'j A"„ I A', ,17' over double air-ga{) and teidh 

///2/> (h'\ y ii^inatuix? amiH'ix'-i'ondnctors per pole 

rs ;0-92toM . . • (176) 

as already (')btaini'd from a different consideratioii in Chapter XIX, 
§ 18, for machiiu's with of without commutating' poles. 

'Die re-introduction of etpiation (176) as determined by con- 
siderations of sparking serves, to emphasize its importance in the 
case,.of inathines without commutating poles, and the aKivantage 
in this case of the multipolar oyer the bipolar. Hut for the s^me 
value of Ig and for a given value of JZ on an armature, the present 
requirement, for sparklessneas can always Ix^ met by suitably 
increasing the number of poles, which lessens V while leaving ac 
unchanged. » 
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The second item in the expression (198) has to do with the 
armtture /ligand is therefore closely refated to the tatio 

amjKire-turns over air-gaps and teejh • 
armature amp(Te-condii«tors iiiuler a pole • 

Hence a more or less accurate and similar rcMilt as to the sparking 
limit is reached if only the first item, i.c. tlu* inductive voltage, is 
calculated, ayd this is accompanied by a furtluT condition whicji 
makes it allowable to inc.iit^ase the limiting vahie for ( # \ 2J. //'yij jT 

4 - Xt • • • 

as the ratio , f , becomes higher. 

amjMTe-conductors under jiole-tace ^ 

Thus Cj.( i'/)\]ir : 4 might be laid flownitis a maximum 

permissible* limit for complete sparklessness with a fixed brush 
position when accompani(‘d by tlu‘ serondary condition that tlu* 
amper*-turns expeauled ovc^r tlu* doiilile air-gap and teetli should 
not be less than l.J* times the* am|)er(‘-conductors under a jiolt', 
i.c. when eepiations (17S) and (17H) arc* fulfilled. 4'here is thus 
considerable room for practised jud^nuaU in choosing the right 
valut's for the two (juaiitities to suit the degree of stringem y in the 
terms of the specification to, which the dynamo has to be built, 
or the natiir(‘ of the w'ork which it is to piuform. 

§ 38. The limiting number of ampere-cenductors per unit Igngth 
of circumference. .Mthough for a given // tjie maximym jh'i- 
missil)l(‘ number of aii#|>(Te-conductors })er pole as limited by the 
necessity for a rev(*rsing held need n(‘ver*b<^ exceeded, e<(tiatioiT 
(176) in the jireseiit connexion shows that for an armature with 
a given number of poK!s and therefore' fixed salue of V, th(*r(' is*;i 
maximum pern^issible value for ac, just as in ( hapter Xl\, § 16. 
The' permissilile nuinUer of ampere-conductors per ])ole is therefore 
• but little else to the dl'signer tlian a warning, and the* (jiiantity ac 
is the im})ortant factor. In small machines the heating limit is 
reached first, so that the actual Value's of in nia^^ie* only half of 
that hxe’el by sparking. In larger mae bines the: two limits are^ 
reached mejre nearly simultaneously, so that ^'allies of ac from 
406 to 650 per inch in medium size's anel of 800 in large sizes corre?- 
^ spond very cleisely with the; limits ifti})ose<l at once' by heating 
and sparking. P«rt of the art ed designing non commutating-pede; 
machines consists in .so e:he>e^sing llup tiuirtbe'r of ])ole‘s, the; length of 
air-gap, end the wdnoing that the ^exiting anel sparking limits are 
so far as possible reached at the sayie; outjnit. 

§ 39. practical aifgle of lead.— Ciranting that ‘by the above 
}>rj^autions a reversing fu4d has lieen secureel at the leading i)ole- 
tip of some ^ch value as Bg — to 2(KX) in tlie toeithed arma- 
ture with carbon bnishes, the dfAiiiotcr of cemimutat’on ^does not 
usually require to be advanced^o far as to make full use lA the revers- 
ing field aufhe extreme pole-tip. Indued, if a fixed brush position 
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is to be maintained at all loads, it must not be so far advanced owing 
to the steepness of the gradient of the fi(‘ld {cp. §. 1^. The tingle 
of lead kg wiil ^hus fall short of 90'’ (I- fi), os when ^ ~ 0735 
will be l^ss than 24 electrical ^egrees. To predict the exact angle 
of lead rcqnin;d for any particular armature current would require 
not only that the distribution of the displaced held in the intcrpolar 
region should be accurat(!ly mapped otit, but also that the curve 
»f current-changejn the short-circuited sections, as modified by 
the brush coiftact-nsistance, should be dliterfuined. The process 
Vould therefore be cdmplex and tedious, and its result at best only 
a mer^; a])pro\imation. In practice, when it becomes necessary to 

X 

know A 'J\ for the calculation of the fierd^winding on 

the approximate; nu;thod for full load^ (c/>. (’hapt('r XIX, §7 (^^)), 
the designer bdls back on the evidence of macliiiK'S of similar type 


already built and 
d(‘gre('s, so that 


lested. A safe allowance is k. 15 electrical 


AT, 


( 200 ) 


[JJZ^ 



Usually the angle of K'ad with ( arbou brushes fixed in position for 
all loads is not more tiv'n about 10 elei'lrical degrix's. 

§ 40. Choice of pitch of winding and number of slots in machines 
without commutatmg poles.- In the abseiiC'* of commutating poles 
'd is e/id(Mit from §25^that it is always a<l\’isable to ad<»pt a suffi- 
cient degiHie of chord wiiuling so that the two layi-rs of coil-sides 
short-circuited in each zone do not overlap greatly- At the same 
time, this short<‘ning of the chord cannot be ('arried very far without 
bringing the band of short-('ircuited coil-side^ too near the pole-tips. 

'file totid width of the band from edge tO edge, including any 
intervening slots not filled with short-circuited coil-sides, is in each 

intcrpolar zone-— Vu' I ^ where c is the number of 
‘ 2/) c 0 

sectors i)er slot, and the coil-sides are arranged in two layers. If 
})ossible, this expression should not exceetl 70 ])or cent, of the number 

of slots liet-ween the pole-tip.; or — (1 p) or with a further allow- 
ance for the different commutVdng positions of the short-circuited 
coils when c is large, say ^ 

A decided check is therefore placed upon the po.ssibility, of shortening 
considerably. Generally -spi^tiking, should f<ill short of the 
pole-pitch by one slot. As soon as the coil-sides short-circuited at 

* Nietliaminor, Ulektrische Mt'sehinen, Appafate und Anlag^n^ yol. 1, p. 158. 
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adjacent brushes fall in different slots/there is no further reduction 
obtfinable iA the slot inductance, so tlfat when Sj'l/y is fractional, 
and the remaind^Jr exceeds J, there is little adv^inVige gained by 
shortening the pitch by more Ihan^one slot. ^ 

While from the point of view of economy in manufacture a very 
large numlx^r of slots \yeT pole is objectionable, owing to the loss of 
valuable spade in insulation and the rt'duction in the area of iron 
at the roots .of the teeth through their taper ip small armaturi'^, 
there is, on the other h;md, a limit io the minimum number of slots 
jxir pjle. Apart from considiaations connected with the mimbe? 
of commutator scictors jx^r slot, a V(Tv small number of slots is 
open to thejjbjcctioTi that the pc'ssibK* clioic/^ of thv' back-pilch fur 
a coil re('l^ned in slots Ixx'omes gn'atly n-stricb d. In order that 
the span of the sliortxircuited coil should not a]^])roacli t(»o closely 
to tlu^ polar arc by equatidn (201), it is advisable' that slunild 
not be less than, say, *89 percent, of the pole' pitdi with usual widths 
of peele-face ; while, ejii the other hanel, in oiele'r te) sjaead i>ut th<‘ 
shurt-circuitexl coils in several slots, y^^ she,'.’ilel fall slan t e)f the' ])e)le- 
pitch. It therefe)re usually falls bePwee'n tlu' limits of 89 anel 93 
per cent., and the number of^sleds must not be so far re'ehie e'd that 
this conditiem becomes dilhcult of attainment. 

* • 

'rtlK ('o.MMl’TATI.N'G-PoJ-l'. MAeUl.Nl, 

• 

§ 41. The ampere-toms of commutating poles.- The'^mmh 
greater freedom which tiie de'sigiu'r e»btaiiis by the us«' of eom- 
mutating poles is obvious ; he is thereby re'uele're'd in(]e'])e'ndent of 
the main field excitatiem, se) that when rightly de'sigixel tht,*y 
practically remove the ceniimutating eliflie ulty and reeluce the output 
limit mainly te) that bom heating only. 'I'hat is, ac is lixed chie'fly 
* by heating, althejiigh the eftee t upem the ve)ltage Udwe-eii sectors 
from distort^)!! of the held (Chapter XI.\, § 18) nv;st still be* borne 
in mind. 

Correspemding to one commutating pe»le 

AT,, miC . K, I „ 

but though it is^i certain reversing density that is R'quired for 
commutating purposes, the total rmV'rsiftg Ilux anel the' leakage 
flux (pir to be addeu thereto must^)e known in order to find the 
density in the commutating ped'e itself. 

Half ot the gap bet\\l*en the adjacent edges of a main aij^l a 
cojTjmutating pole is usually five or more times tlu^ direct air-gap 
between comiyutating pole-face and armature. Taking then the 
mean of the values of and correspo^nding 

to the ratio cjlg^ = 5 in accoivlance with Chapter XIX, § 13 (end), 
about 2'7, or the joint width of the two equivalent 
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strips, one along each side of the commutating pole filled with lines 
at the normaUlensity over flie pole-face, is approximately a cons<tant 
of value 2-7 tipies the air-gap. The total area is then 
(^^'c d" 2*7 /yr) '1' 

and 

~ • ^gr- 

For Jigr siil)stitiited the values of from equations 

^omitted. In place 

of the mor(‘ aeeurate expression of e<juatiou (173), it often suffices 
in praltice to ;^suuHt without further detailed calculation 

A 'J\ l-'lS to 1-3 /Z/4/) . . . . (202) 

§ 42. The importance o! the leakage and saturation o! the com- 
mutating pole. (ii\’en the amount of the total llux, hothriiseful 
and strny leakage, in th(‘ commutating pole' with the main poles 
um'xeiti'd, then, when th(‘ lattia' aie excited, on tin* one side the 
magnetic potential of tla; pple whi('h is of the same sign reduces 
tlu' llux, wliile on tlu‘ other side tlu‘ magnetic jiotential of the poh; 
whieli is of oj)posil(‘ polarity increases it. Ih'iu'e the I'xcitation 
of the main poles und(‘r given ('onditions of ampere-turns on the 
comiput<iling pole and f-rmature' does ne)t grexitly alfe'ct the‘ use-ful 
llux of, tile commqtating poIe‘, althemgh it is redueTel in ame)unt 
eewing to the* inllueaie-e' eif uiUMjiial saturatie)n vn the* two lu-ighliouring 
^e'ctioiis of the* ye)ke‘, as* ele*se'rilH'el in Chapte'r .\1.\, § 13. 

Owing te> the* eippeesing (*lK‘ct e)f the armature amjie'rc-turns as 
cUusing a eliftere*ne'e e)f magnetic potential be'twe'en armature* anel 
commut.it ing pole*-she)e* whie-h e-lu'cks the passage* o( the use*ful flux, 
the stray llux of the e'ommutating peile* eiftesn greatly exceeds the 
use'ful llux. lo impreive; this preiportion, a very sliort air-gap is 
advantageous, hut on the* e)the*r hanel this re'iielt'rs the commutating 
tie’lel ve*ry llue-tu.iling acceireling te) wlu'ther a sleet eer .i teioth is situated 
ceintrally luiele'r the* p<tle*-sh'K* (cp. Fig. 373), anel this Huctuatiem 
re'ae'ts nnfavour.dxly on the* commutation ; further, it may cause 
elve'rlie'ating of the peeh*-she)e* (p.irticularly if seelid) hy eieldy eurrents. 

'fhe ele'gree eef saturation v»f the; irem eef the* ce>mmutating pole is , 
a ejuestion* eef the gre‘at(*.sl impeertaiuT, especi illy in machines 
subjecte'd te) heavy over-loaels, sinex* owing to tlU* leakage llux the 
propeirtieinality be*tween the reve*rsing fielel and tlu* armatiue current 
te) be commute'el can e)nly ImUl se> le)ng as the commutating pole 
can. be regardeel as e)f constant reluctance, i.c. freim iio-Kiad uj) to 
a certain limit of load. Owing to this eflect e)f the leakage. Hie 
proportiein of the tlank and side surfaces of the ceimmutating pole 
in relation t ) its sectional area fthpiires careful ceinsideratiein. To 
secure the maximum sectieinal area tVith minimum surface, it may 
Huis Ix'ceime advisable to employ pole-faces shortened .so that their 


(193 S) with the variable resistance term - 
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axial length is less than that of the maj^ poles or of the annatiire 
{Lr ^ L) an(f circular cores. 

The total and the useful fluxes can lx‘ ineasurtKl Km a machine 
that has been built without the use a ballistic galvanometer by a 
convenient method described by H. 1{. Stokes. ' A few turns of 
flexible wire of large area are wound round the commutating pole 
at its junction with the yoke t(‘ iuea.siire the total flux, and othei's 
round the pdle-shoe to measure the useful, reversing flux, and in 
each case are connected to a milli-voltmeter. Tlie armature i^ 
fixed and the shunt coils are normally excited. Current is then 
supplied to armartire, series, and ('ommutali^g-poh' winding from 
a booster capable of giving 3 or 4 times the full* load current of the 
machine iffider test, and having a rheostat in its ti(4d wln<’h is 
.separately excited. The current sup|)lied is varied ])V means of 
tlui rh^Kstat from zt'io up to thi* maximum that can safeU’ be r(*ached 
and back again. The change of tin* flux tlnougli the exjfloring 
coil will deflect the milli-voltimder, and tlu'iate of variation of the 
current must be such that steady voltage' readings can be taken, 
say, ('Very 3 seconds with simultaneous readings of current and tiiiK*. 
The change of flux can then he calculated from tin* v(»l(s and time, 
and wIkmi integratt'd, a curv(‘ can be plotted conne' ling flux with 
exciting ampere-turns (log. 374). *• 

ryjut al curv('s of the flux-density in th(' rcomnmtatiag pole, 
and of tlu! reversing flu!^-density in the air-gap under the comnnitat- 
ing pole-fa('e are shown as and H,,,. in V'ig. 374, from which it 
will b(‘ .s(‘en that the proportionality lietween tie- ordinat(*s of the 
two curv(\s which holds .s») long as the iron may In* regaiaV'd as of 
constant n'liict^mce is gradually lost as the curo'nt is iiuo'ased. 
As the leakage flux ineVeases. its })assuge with the useful flux through 
* the iron absor}>s moR‘ and more of the total amjK're-turns on the 
commutating j)ole. The.useful f^ux iju leases to jnaxmmm and 
then decreases until at a c<'rtain load lla- surplus of the total com- 
mutating amjKTe-turns o\<‘r the ainpen-- turns expended on the iron 
is exactly equal to the armature amiifre-turns as acting on the 
commutating pok* air-gap ; no reve»4ing flux can then flow, and 
^ the point x is reached. this lo?d the ditfe.rence l^etween the 

total ampere-turrfc and the amjiere-turns exjiended in driving the 
leakage flux through t,he iron is less (Jiaii tlie armature anq>cre-turns, 
and the flux in the cemmutaljng air-gap liecornes reversed in 
direction. 

The cast* is made cltNir by Fig. 375. Both the comniatating«and 
the .armature amjxTe-turns increa.so, proportionately with the load 
current as .slx^vn by the inclined straight lines OAA' and OBB\ 

^ “ Commutating PoU* .S.' turatir)n in 1).-C. Macdiinos," ra»s. ^Amer. 
I.E.E., July, 1913, Vol 32. p, 1W7. vhich lias Ix'en Irrely ilrawn upon in 
t^e prc.scnt j^ction, ‘and to which the r<‘ader is referred for further detail# 
of the method. • 

ia-(.so«5A) 
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Let the difference bet weep the straight line OAA' and the curve 
OCC' represeftt the amjxjre-tums required over the lYon, risii^ at 
first ]proportirt1i«i/eIy with the total flux, and later increasing more 
rapidly a then the shaded difference between the curve OCC' and 
the straight line, OliH' gives the effective arnixjre-turns available 
to drive the iis(dul reversing ilux thro\igh the commutating-pole 
air-gap. It will be seen that these are reduced to zero at the point 
A" and current x. 

, If the feversing flux-density OB' in big. 374 were correct to 
balance the inductive volts of the short-circuited sections with 
increasing current, t^ien it will be seen that for any load above 
600 amperes unbalanced volts arise, and their amoun^ at any load 
can be judged by such a diagram as tliat of Fig. 375. 

In order easily to plot such a curve \vhen once tlie value of the 
commutating leakage pcuineance '1^ reciprocal, the reluctance 
has been calculat(‘d, it is convenitmt to express the useful 
rev(‘rsing flux (j)^ or its density in the air-gap in terms of the 
total rev('rsing and leakligt^ “ (j)^ or of tlieir density 

in tla; commutating pole B^^. 

Let /17,.-the total commutating-pole ampere-turns = 7'^/, 
where T are the turns per pole and it is assumed tliat the whole 
of the armature currenf'is taken round each commutating pole. 

Let i'17, : the ampere-turns expended over the iron of the 

comu)ut<iliug f)ole -- - f (B„^) 


. , , total ampere-turns per comm, r^ole 

and li't /■* - , -- ■— 

total .1/ per comm, pole ~ armature ,1/ per pole 

A Tr TqJ _ 7 V/ 

A l\~]ZIAp TqJ ^ yZjAp Tq^ ZiAp 

< , , L257 (d7; .17',) 






(203) 


Also approximately by eijuation (173) 

- 1-2S7(/17V-~-.'I7',)..= h257{,a\lk^Ar,) 

^,,A.:V=-l-257 (.-17V-A .... (204) 

Adding (203) and (204) together and substituting B^^ . for 
i-VKr • '•''ir + k . AV,.) - <I>„, . 1-257 AT, (k -1) 


. ( 205 ) 



Flux'density. 



i Ki. 374. I'lu\-(lc sity and cxcital khi id c ommiilatiii}' poic.s. 


Ampere-turns 



Ansatorc Cnrrtnt. 

ViG. 375. — Amp("rc-turns and J>ad current with 
commu^ting poles. 
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Hence by giving different values to the corresponding values 
of can be 'found, and for each value of ^ 

^ AT '0-8(B„,r . +/P„r)lcp 

is found nnd can hr, expressed in terms of and 
In order tluit the useful reversing Ihix may rise in proportion to 
the inductive volts (jver a wide raiij^^e, ^ it is necessary that 
should he as high as possible in relation to A' high ratio of 

t''ommutat.lng-pole ainpen^-turns to arniaturc ampere-turns, i.c. 

a higl^ value also of advantage, but less so than a high 

valiK' of ^ introduction (jf a second air-gap by a brass 

liruT, say ? in. thick, bctwt'cn the foot of the commutating pole 
and its seating on the yoke, increases the ratio of commutating to 
armature turns and also incidentally reduces tlie leakage slightly 2 ; 
but sucli “ high-r(‘luetanc(‘ ” eomnmtating poles are more feasible 
on rotary eonveaters than on continuous-current generators. 

§ 43. Example with only half as many commutating poles as 
main poles. The curves of h'igs. ,b74 5 relate to a vS(H)-kW. 
macliiiK' with only half as many commutating poles as main poles, 
and it will be seen howanmeh useful information may be obtained 
from such curves. , I'he^ machine' is che)sen fe)r ])urpe)ses of illustra- 
tion e)wang te» the greate'r liability te) satur;i>:ie)n in such a de'sign in 
whie’h ('ae h ceunmutati'ng pole' has te) do de)ul)le duty. 'I he leading 
dinu'nsieens are give'ii in lug. 273, anel an I'stimate ui)on the lines 
()f this .tigure, with the' se've'ial sections e)f the ])e'rmeances reduced 
in propetrliem te) the ampe're'-turns acting upon tlu;m and with the 
adelitie)n eef Hank pe'rme-anee*, sheews that the' tf>tal leakage permeance 
regarelcel as in |)aralle'l with the' air-gap and'acteel upon by (.*17'^ 

/17',) may fairly be represente'el by 79-5, or ()-()126. 

^ ’ 1 -257 (. 17 ; d 7 ;') 

In etther wenels will give a number of leakage 

lint's (fly w'hich when adekM tt) (fy yielel an average flu.x-density in 
the^ pe)le-ct)re elete'rmining \\ith sutlicient accuracy the iron amjx'rc- 
turns. lue)m the data o^ the maelune, - 108-5, 30*5, > 
Kylgy - MB X 0-381 0-442, a,, 212, 


and 


k ^ 


21 X 4 

(21x4)^60 


3-5. 


' For othor moans for soceiring the same result by displacing half of the 
brushes on each brush arm relatively to tin other half and supplying ciJirent 
to the commutating pole only from, the forward half, or by an auxiliary 
shunt wmdnig on the commutating iH)le, see JMiles Walker, the Diagnosing 
of Troubles )w Ulectrical Machines, pp. .'4vS2. 

• Miles W,alker, loc. cit. . , 
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Thence ^ # 

* X 108-5 X 0-0126- 1-^7/’ {B„,) \ 30-5\ 2-5 

^ 0-0126 x 212 1-3-5 x 0-442’ 

= 0-324/{„,-22-75/-(B„,) 
and using thi^j value for B^^ 

AT, - 0-8 (Br,,, X 1()8-S B^, x 212) < (>012(> | 30-5/'(/>\,„) 
^()’402/y„.,-i-79-i/'(/^„J. 

Assuiuiiig the values of tlu* second roluimi in Table XI 1 1 f<»r a 
WTought-iron forging, the values of tlu* eighth ui’iuun are thus 
found and ;jre j)lotted in I'igs. 374 5. 

Xlll 




0-3247^,., 

22-75 

rUSnr) 


“ 1 

79 1 ' 

■JVSnr) 

AT, 

10,000 

4 

3,240 

91 

3,1 .9 

‘ 4,020 

316 

4,336 

14,000 

8'2 

4.540 

186 

4,354 

5,6.30 ; 

(>49 

6,279 

l . S ,000 

11 

4,860 

2-50 

4,610 

6,040 { 

870 

6,910 

16,000 

19 65 

5,190 

448 

4,742 

6,440 

1,555 

7,995 

17,000 

35 

5,506 

796 

4,710 

6,830 

2,770 : 

9,600 

17,500 

51-3 

5,665 

1,165 

4,500 

7.045 

4,1.60 

111 05 

18,000 

64 

5,830 

1,455 

4.375 

■ 7.245 

5,060 

12,305 

18,500 : 

120 

6,000 

2,730 

3.270 

7,450 

9,500 

16,950 

19,000 1 

185 

6,150 

4.2 1() 

1,940 

: '.',650 

14,610 

22,260 

19,750 

281 

6,400 

6,400 

0 

7,950 

22,250 

30.200 

I'or \'i 

:’ry high 

saturations, the 

tigun’s 

can only 

be regOi 

(led a*- 

approximations. 

but they 

well show the 

1 nature e 

•f th(‘ ac 

tion as 


jhe reversing held decli.K’s to Z(^ro. riu' (Uirves further show that 
the design fails to secure exact j)ro])ortiouality hetwec’U tlu* inductive 
volts and the reversing held within Wie working range ’cf the armature 
current, due to saturation of the comniutating pole-core. The 
correct reversing density wouKl follow the line OB in Fig. 374, 
and the lino OB' should fall on OB. riie^correct lield is obtained at 
full-current, hut for lesser values of tlu^curreiit there is over-coin- 
^uutation and at all over loads tliere is under commutalton. This 
result is hardly to ^>0 avoided with only luilf as many commutating 
p(des as there arc fnari poles, and oti this ai count the design has 
been chosen to illustrate the castn Actually the evil has been above 
over-estimated, since, as sliown in big. 273, the thickness of the 
commutating pole can and should be in< rea.sed towards the root, 
and the saturation and iron am jx*re -turns can be thereby reduced. 
The amount of* the inaccuracy thcr left often dof-s not warrant the 
expense of doubling the number of p<jles, even thougli each catries 
m^ny less arnpere-turns. An alternative design with twice as many 
commutating poles would call for B^, —*2330 at full-load and only 
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about 4000 Al) per pule, but on 8 poles this would amount to 
32,000 in all: ' ' 

5 44. Ranffe ot excitation of commutating poIes.-~The experi- 
ments of J. Rezclman with conmutating polos show that the ratio 
of th(i maximum to the minimum excitation when sparks just begin 
to appear in both cases is much greater at low speeds than at high 
speeds. This may be explained upon the hypothesis that the 
brushes by their corrective action can make up for 'any over- or 
jmder-excitation when the inductive volts are themselves low. 
Flirt h(!r, as might be expected, at all speeds the range of excitation 
without sjiarkmg is cnueli less in the case o/ copper and carbon 
brushes of hign conductivity than in the case of high-resistance 
brushi's (in a particular machine 1-45 as against M5)/so that the 
excitation for tlie former must be ryuch more nicely adjusted. 
Lastly, the; minimum excitation is almost indyj)endent of th6 speed, 
and the possil)le rang(‘ is almost entirely due to the over-excitation 
which b(!Comes [HTinissiblc esjiecially at low si>eeds. 

§ 45. The proportions, ebj., of commutating poles. - Tlu! com- 
mutating pol{! must be mechanically strong and well supported in 
order to jirevent its bi'ing set into oscillation by the varying drag 
of tlie annatun; teeth as tliey pass under it. W'iien it falls on the 
horie.ontal division of tlfe magnet frame, its .sisiting can be arranged 
eccentrically, as in h'ig. 273. 

, The shorter the air-gap, th(' greater tlie pulsation of the flux due 
to the varying ])osition of the slot-opi'ning in n'lation to the pole. 
Fig. 373 shows the diminution of the forked shape of the flux- 
density^ diu' to a slot centrally under the pole as the air-gap is 
increas(!d. 

The width of the commutating pole in tb’e direction of rotation 
must be at least eijinil to the tooth-j)itch in order that the reversing 
held may not^avey very greatly during the passage of a slot under it. 
As a sovond condition, if the slots contain several coil-sides in each 
layer, in order to keep each coil-side under the pole during the whole 
of the |H*iiod of ' commiiUition, the width must with diametric 
winding be ecpial to the i)eripheral st)eed of the armature multiphed 
by the tinu; of conirnutathn plus tluh amount by which the hinder-i 
most coil-side of a slot is disp^ux'd from its position for true unifonn- 
ity as compared with the fovemost coil-side. Hence by addition 
of twice the expression of (199) to T x i’, the value of T being as 
in equation .(190), the width’of the conimutating pole-face would 
Ikj' 



a \ 




-/p'-X(c-I).(205) 


which usually averages about 1 -66 to 1 75 times the tooth-pitch /j. 
If the winding be long-chord, an additional tooth-pitch should be 
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added, but considerations of leakage usually forbid such an addition 
in fill. Or the pole-shoes can be st^t *aslant to tluj axis of the 
armature core, sa as to increase the time of theij iiction without 
increasing the leakage. But in eith|‘r case it must ])e rei^emlxired 
that the fringe from the sides has itself considtTablc ('fleet in extend- 
ing the time of strong reversing action. In unlei to accommodate 
the commutating poles witliout bringing them too close* to the* main 
polo-shoes, the ratio of the pole-arc to the pole-pilch is \isually not 



Fio. InHnciicc of air on sfiajH* of romniutating Hnx-curvo. 

(Aftor Rc/rlman ) 

/ 

more than 0-66 or even less, and thor^ should he at least 3^ to 4 
slots in the zone«laetween tfie main p<jles. Strictly s’peaking, in 
order to secure exact instanlan(! 0 :is b.ilancing of the combined 
ohmic and inductive voltage in the sftort-circuited C(.)il, the reversing 
held in a generator should rise in density from one side to the otlier 
by an amount {^roporlional to R r } 2^^ . bjli' but !*uch 
rehnements are not of value in practice. 

With a comiiutating pole-shtxj of breadth 2/i, the e dges may with 
advantage be sharply Ixjvelled bit (b'ig. 377) tts re(:oiiimend|;d by 
J. Rezelman. 

• One other jwint of importance must i^so here again be mentioned, , 
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In order to keep the circumferential breadth of the commutating 
pole within practical limits, and to minimize leakage betrveen 
commutating' pole-tip and main pole-tip, the armature winding 
should, stated in § 26, be diametric or more nearly concentrated 
than would otherwise be advisable (see also p. 167 for " split coils ” 
with variable, used in commutating-pole machines) ; the 
two sides of a short-circuited coil will then be acted upon by 
almost equal MM.F.’s^ from the reversing fields in which they 
' are situated. 

With fairly wide commutating poles and 
* ^ such conditions tliat tlie* brushes admit of 

^ , some shifting backwards witlio^it sparking, 

their position may be so adjusted as to pro- 
duce an appreciabh^ compounding effect. 
F^ven when tliis cannot in* secuia'd, the regu- 
lation of a shunt-wound generator with com- 
mutating poles is usually good, and better 
tlvin 4hat of the machine without such 
poles. 

While the ('oppiu* on the field windmg proper is reduced by com- 
mutating p<»l(‘s owing to the shorter air-gaps (hat may then become 
admi;^sil)l(!, tlu‘ (‘lliciency of the machine is but little affected. Hut 
owing (p the close j>ro.\iniity of the commutating and main coils, 
tlie ventilation of (Ik* li(‘ld-niagnet system is\o some e.xtent les.scmed 
As conlpaR'd with (he dynamo of the same size without commutating 
poles, and this considtuation must be duly allowed for in the design. 
Fisjiecially is it difficult to secure a low rise of ({'iiipiTature on the 
coniimitating coils at full-load or over-loads, and pn this account 
it is common to wind th<' commutating poles with bare strip on 
edge (cp. I'ig. 282). With large currents at low voltages, and on 
turbo-g(Mierators^,up to 250 volts, the commutating coil may be 
formed qf a bare c()pper cylinder divided sjiir.dly to form a helix 
of a few turns. * 

The air-gap of th(‘ comi^mtating poles on large machines with 
toothed armatures should not be less than to avoid undue heating 
of their polar surface by edej^ currents. 

F'x|XTiniental!y the correct ampere-turns for Che commutating 
poles are best obtained by ^‘pArately exciting theiji and altering the 
excitation until the voltage read l^etwecn two points touching on 
the commutator in line with the edges of the bru.shes, and therefore 
A£', is a miiiiimim or as nearly zero as possible both for iight-load 
and full-load armature currentj^ 

* F(^r illu.stntions af.d other clt*lail.4 of machines with commutating poles, 
see Milos \\;\lker. The Sf>ectpca(ion and De%'gn of Dynamo-eUctrtc M(uhinery, 
Chap. Will; and Page and Hiss. " Direct-Current Design as -Influenced by 
Interpoles,” Journ. V'ol. iJ9, p. 570. 






Fir, ’m. Sh;l|.,- of 

cornmut.iling pcile. 
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In order to adjust the winding of the^coinnuitating {>oles to the 
t)cst ©mount for sparkless and cool running, a diverter may })e used, 
formed of coils on«an iron core, and so designe<i as to have the same 
time constant as the commutating^coils ; otlierwise, witj^ a non- 
inductive resistance an undue ])roportion of the current will bo 
shunted during rapid changes of the load. When the tluetuations 
of load are veVy rapid, as in traction work, a dilheulty sometimes 
arises from the inability of the commutating held to follow with 
surticient rapidity the change of the armatun^ eurreht which is to 
lx‘ commuted. The diverter can then be adjustetl so as to .shunt a 
greater proportion of the current nionientarily|through the ccenmu- 
tating ])oles.and thereby to accelerate tin? change of thi* com- 
mutating held upon sudden increase of the load. ‘ Hut apart from 
such use, it is b(*st for thi' winding to lx* correct so as to ilis]X‘nse 
with any need for a diverter. 


? 46. Experimental comparison of inductance of machines. I Ik- a]>]).iri'M( 

uctance of a scctitui of th<‘ annaturc wiiidiiiK in the ((‘ntre of tin* intriiH)lar 
zoiu* of a luni c onunulatini^-pole niaclum' \vi 'a the in.i^nct ciri mi i ln.scd 
can Ik* appnjxiniatcly nn-asnivd t>y passinj^ an .dlcrnaling current <>1 known 
value and frc<pu>ncy thnuif'li it hy means oi two narrow bruslms ])laci'd t)n 
tlu* commutator sectors whch terniinatc? the cod. and measnrin^^ tin* voltage 
l)et\ve<*n the brushes 'Irzf ^ (the resistame m ^liMible). The 

rest of the armature winding is then in p.irallel witll'^the .sec tmn c.ider consclc-ra- 
lion, Init if tile frecpieiicy of the c iirreiit is hif^h, the ^reat indiictam <*, and the 
higher resistance of the linger ])ath ullow only a negligd)le [>ro])ortion of 
the total current to flow' through it. 

This method may bci e.\tc nded by including iM'twceii the Iniishes ,is many 

sc-ctors (-^ as are short can uitc'd at a brush at a time, when , ' • .j 

\ b Jr 


C'omparaiive figllres may similarly Ik c»btained for various macliines with 
and without commutating polos when the* fie ld iiiagiicd is removc'd as men- 
hioiKa] in § 24 (/j) and according to Karl I’ichelmayer * the results are Iximc out 
by measurements of the reversing field actually n cpiired. 'Jli(*ie is, liowever, 
in either case the theoretical abjection ^lial the fncpien<.\ diping the lest is, 
say, only 50. while to Ik strictly c*)m])arable with that of commutation it 
should b(; perhaps 400 or f>0U, s<* that the dainjung is then difh.Tent. ^ 

Another method of measuring the apparent inductance* is to place narrow 
bru.shes on sectors of the commutator at therfr normal* jxj.ations in regular 
w'ork, and to pass an alternating current through the q paths of the armature 
winding in parallel ; the alternating voltage* is then iiuasureel Ix tweKii the 

qh: 1 

2_,, y 

The veiliage’froin the se c-tor on which a brush 

coils on one sid ■. of the brush .should Ik added to that 
2b 


sectors adjacent tee till' brush, whence since only ^ e>f the current 

passes through a scctior^ * 
rests across ^ 


1 Cp. R. Vohl, Journ. I E li., Vol. 40. p. 249; VV. Hoult, ibtd., Vol.*40, 
p. and Miles Walker, The Diagnosxn^oj Troubles in Electrical Machines, 

* Electrician,*fo\. 70, p. 973, abstr-ctc<I from E,T.Z., Vol. 33, p. 1100. 
Cp. also J. Kezelman, Rec here lies sur les Ph^nom^ttes de la Co»^iM/^ie?«. 

• Cp. Niethammer, K.u.M., Vol.^30, p. 55 (21 Jan., 1912). 

A. Maudtiit, p. 276. t 
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across coils on the^other side of the brush to find the total effect 

V y* , 

from the simultaneously short-circuited sections. The results so obtained 
mca.surc not only V > but also the voltage caused by rise and fall 

of the crf4ti.s field due to the remaining .sections of tfie armature which are not 
short-circuited wlam in normal work. They arc therefore higher than those 
obtained by the first metluxl in virtue of the cro.ss field effect, and they measure 
the total inductance from the flux which has to l)e reversed through a coil 
during .short circuit as dm; to all the ampere-turns of the armature. If the 
brushes are on the hue of symmetry, the voltage across similar sections on 
either sid<‘ of tlu^ brush are*<d course alike, but wlu'u the brushes are displaced 
^.frorii the llije of syminetfy they differ, and in a machine without commutating 
j)oles they are naturally higlu'r in the sections brought nearer to the pole-tips 
on lluMuie side of the briisli than in tho.se on tJie other, side which have been 
withdrawn from^+he po^* tips. 

§ 47. Experimental determination of short-circuit current.- 'If an armature 
coil 1.S .severed at .some sjKit and the two free ends are connected to a pair 
of sliji-ritigs, and if upon these rings rest brushes which are short circuited 
by a standanl low resistance of kiu>vvii amount, the current in the coil can be 
traceil by tin* oscillograph through a complete revolution, i.e. not only when 
the coil is under a poU^ l)ut also in tin* brief periods when it is short-circuited 
by the brushes. 'I'he armature circuit still remains closed, and the insertion 
of th(! low re.sistanee at the oik; point hardly atfeets the cemditions. Potential 
leads are taken from llie ends the low resistance to the ost;illograph, and 
the cuireiit in tlu^ util can thus be measured, liy special arrangements the 
horizontal scafi* can be increased, and the (urvi? of cm n'lit-change during 
the [KTiod of short eir( uit lx; extended, .sc^ as to enalile tin; whole process to 
lx; carefully waUhed and reiorded. (airvi's taki'ii by tlvis methotP show 
that the i liang<* of the short i;ircuit current is often e\tr<'m«;ly irregular 
owin ^5 b> obscure .seeomlary causes such as the exact lx*dding of the brush 
surface, yet they fully Uar out all the conclusions that had lx*en previously 
drawn on inon* theoo'tiial grounds. \Vh(;n the brush position in a dynamo 
's advciu('d into too stro'*g a rc'versing fit'Kl, or is moved baekward.s into a 
strong fii;ld towards the trailing pol<*, the heavy current in the new or in the 
old direction is shown in the curves at tlu* I'ud or at the Ix/ginniug of short- 
olrcuit by sharply pointc'd peaks which tlucluate violently when exiessive 
sparking'takes plaie. hi veil wIk'ii m* sparking takes plaie, if the brushes arc 

too far forwards or baekwanls, considerable pulsations 'tiro set up in the 
magnetic lield, the excess current in the .short-circui.ed cods causing the value 
of the direct magnetizing turns of the .Trmature and their effect on the field 
to pnlsati; with the ftetpieney of commutati(»n, 'J he main (ieltl through the 
i-utire magm'tm civ uit of yoke and y<iles is thus set into oscillation, which 
apivars ii^s a ripple m tlu; wave of P.M t*'. or current in a i oil, while it is ])assing 
under the poles, especially towards the ])ole tips. This shows tliat under 
such circumstances it is only approxinuitely true to regard the apparent 
inductame of the cod as tine ::|olely to the field within the interpolar region. 
An excessive .short cin uit current can, in fact, even affect the voltage given by 
a maclvino for the same imndx'r of amix're-turns on the field, and after allow- 
ance has U:en matle for the octiial vain? of tlu; direct magnetizing turns ^ 
(other than tho.se of the short circuited coils) due to che angle of lead or 
trail.* 


‘ Str es}H*ciaUy Jouni. . Vol. .‘ffb pp 548, 557 (Dr. W. M. Thornton) ; 
p. 1023 (l>r. i>. k. Moms and J. K. Patterson -Smith) ; Vol. 35, p. 430 (J. K. 
Patterson Simtii) ; Vol 38, p. 170 (Prof, F. (b Ikiily and \V. S. Hi Pleghorne). 
wheiv oscillograms are given of the current flowing through a sector into 
the brush, t r. i, or i,: and P. Shenf'r, Journ. Anur. LE E. Vol. 40, p. 848. 

• Cp. " Pelx’r Magiictische Wirkungeii der Kurzschlussstnscc in Pdeichstrom- 
ankeru,” by Hr. H. Pi, hi, Vol. 6. SamnUiin); tlfklrolechuist hcr Vortrdge (Stutt- 
gart. i’A'rhinaml b'.nke (HK)5) ). The similar effect with commutating |)oleS is 
esjiecially noticeable in the machine investigated by LYof, I*\ li. Ikiily and 
Mr. Pleghorne, Journ. l.E.E., \ol. 38, p. 171 fl. 
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§ 48. Brashes and brush-holders.— The width of each brush 
along the axi« of the commutator is usuafty from to 2 \ tlic latter 
dimension being saldom exceeded, since it then l)ec()fne^ troublesome 
to maintain proper contact along its entire bearing surface. Hence, 
to carry any considerable current, two or more bruslus are mounted 
in line on each brush-spindle, forming in eflect one wide bnish. 
This arrangement also renders it possible to adjust each brush 



the current ; and this advantage is so great that every dynamo 
which is more than a toy is invarial)ly^urnisheil witli at least two 
brushes on each arm, each brush being of such widtli that, if one 
be removed, the other can tgn{)oraril}r,carr}' the current of both. 

Carbon hrashcs^in order to obtain suni( icnt ((/utact surface with- 
out unduly increasin^j the length of the eouuuutator, are usually from 
J"' to 1"' thick in the direction \^f r?)tathni. I hey thus cover more 
than one sector, as a general rule two or three, and in (Mses of very 
narrow s(?ctors as many as four ; but when tliis is the case a hard 
vj*riety of carlwn is to l>e recommeyded rather than a soft gra])hitic 
quality, As*«the conductivity aj)proaches mon! and more nearly 
to that of a metid bnislv it musf lx? given a Somewl;^at anajogoiis 
width of, 1}, sectors. * 

Carbon bru.sh -holders may Ix^ classified under (jnc or other of two , 
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leading tyjxis. In the firsj or pivoted " hammer ” type the more or 
less wedge-slmped block of carbon is fixed rigidly \\^ithin it u box, 
which forms Ihd farther end of a pair of stampeil or cast brass or 
aluniinii^m cheeks ; these latt(^ arc pivoted on the brush spindle 
so as to Ik* free to turn round it, were it not for the constraining 
action of the pressure spring (Fig. 378). In the second type, which 
is best for all medium and high speeds, the brush is a rectangular 
slal),‘ free; to slide radiajly up or down in a guiding bo?>:, but pressed 
^down by a liefic al, clock, or other spring (Figs. 379 381). In both 



< 


l^G. 37§. lU ush witlf .slulinj' i .uiHjn, f*»r bnisli s|)iiullL‘ nf sniall machine. 

(\V. II. Allen, Sons iS: ('<>., Ltd.) 

% 

ca.ses tlu' carbon brush is n(\uiy radial, although Jt may have a 
slight rake (about 10’ from the radial lin(‘; in tin' direction of 
rotation, which reduces the tendency to chattering.’' In the 
.second tyjX' the ^'arl)ons recjuire sonu! attgutiou, so that they may 
not bec<vnc‘ set* fast in tluur boxes througli dust and dirt ; l)ut. on 
the t)ther lumd, they must not be too loo.se in fit, whereby they 
tend to take' up dUlerent toositions in the bo.xes according to the 
specHl when this is variable, with conse<|Uent disturbance to their 
bearing surface. clearante of about 6 mils circumferentially 
and 10 mils a.xially is usually sulficient. dhe brush box should 
be fairly deep with p'rfectly smooth sides unbroken by .slots or 
holes. It must be solid and 'substantial, and preferably not a 
sheet-metal stamping liable to become twisted, but cast. The 
le.s.ser inertia of the sliding carbon as compared with that of box 
and carbon is a feature greatly in favour of the second typ'^ ; 
owing to it the pressure-spring can cause the brush to -follow up any 
local OJicveiiTess in die commutafor or departure from a perfectly 
circular track much more (piickly. In Figs. 380a and b the brush 
boxes can be brought nearer to the commutator surface by being 
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slid along a lower set of grooves on the, rack-work ; wear of the 
comiHutator fan thus be followed up, and still the correct radial 
setting of the brushes is strictly maintained. AnotU^r type is shown 
in Fig. 381. Here a flat spring exy ts not only a radial 4 )ressure 



380, a and /a — Si‘t of brush Ixrxfs h»r laijcr huhIuiu , ami < oiiijiniu'nt i)art 
m (W. n. Alh-n, Sons A- ( o . Ltd ) 


on the l>riish, but also a front -Jo-ltack pressure which k(‘eps the 
trailing edge of the brush firmly against lh(‘ side of (he bru.sh box 
and prevcftts the brush tihiiig. The spring, which can l/ct moved to 
tal^t up brush wear, can lx‘ lifted u^) and remain so hjr ins|>ection 
of the carborK.while behind it in the working position are the two 
pigtails from brush to bracket. Fhcli'sat of cafbons is,^arranggd in 
a joint brush box with thin dKa'sion plates IxdwTfm them. 

• In all cases a good electrical connexion directly kdween the 
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carbon and the fixed bo.\ or bmsh spindle is of vital importance. 
In the hammer type the bmsh may be wedged or df'awn tight up 
into its box,* with an interposed layer of copped' gauze to form a 
good contact between the two^; the box is then joined by a flexible 
eopp(;r eonneetor to the central part of the bmsh-holder, which is 
eith(!r clamped or screwed to the' bmsh spindle. In the sliding 
type tlie brush is itsi'lf drilled with a hole into which is tightly 
wialgMal a flanged copper tube under one or both erids of which is 
,sj)read the en?l of the flexible, the unflanged end of the tube being 



* 


I’Ui. 381- Brush brack**! with springs down. 

British rhoinson- Houston ( o., Ltd.) 

then spun over a coppor washer ^la^ Carbone) ; or the end of the 
flexible' may be sjdayi'd out into strands which are worked up into 
the substance of the brush during its manufacture. In the 
“ Batterse'a " connexum of'the Morgan ( rucible Co., the splayed-, 
out ends, after insertion in a hole in tlu' carlxTn, are ftrmly held 
by metallic powder compressed round them. Metal plates on the 
top of the bmsh are also used, sometimes of leaf metal bent over 
so as to form in effect an additional spring, but in any case the 
use of solder is Ix^st avoided. The flexible copper connector is 
formed up into a twisted pigt;?il wilh enough slack to allow of* the 
carbon being withdrawn from the box for examination. Bmshes 
coppered at'- the toj) are frj(i\iently usedr but except when current 
is to be passed into some attachment fitting on to the carbon, the 
copjHjring is of doubtful r dvantage, since current passing by it 



COMMUTATION AND SPARKING AT BRITISH ES 159 


into the box tends to eat away the mchil, and the need for it is 
remcf^cd by % thoroughly good tlcxible connexion.. No current 
should pass through the pressure-spring or pressniiL'-linger. and to 
prevent this the brush top is sometimes cov(‘red with an iijj^tilating 
cap. ^ 

§ 49. Causes of local sparking on particular sectors. Th(' 
pressure of th5 bnish-tips on the commutator may be adjnst('d by 
altering the tcifisidn or pressure of the “ hold-on ” spring. “ jump- 
ing ” of the brushes, due to vibration of the macliiiu' wlien running, 
must be carefully avoided, siina^ it will give ris^ to s])arkin'g, and on* 
this account a substantial brnsli-carrier wiLli strong Imt, light 
l)nihh-holder.s capabfe of being firmly fastiMual, aif v .M'ntial part 

of a well -designed and wt‘ll-lmilt dynamo. 1lu‘ biiislies .should then 
bear lightly and evraily on the commutator. .\nv pressure beyond 
this sluj^lcUit avoided, since ft will ('ansi* im ix'ased fi iet ion .md wi*ai‘. 
Occasionally, one or t^l'o sectors in a commutator weai down Ix low 
the general cylindrical surface of tin* rest, and lorm what is known 
as a flat', as tin* Imishes pass over t^p fiMilty the circuit is 
monu'ntarily broken and sparking occurs, which iaj)i<lly increase's 
the evil. The development of ^ Hat is ofte'ii attributed to inecjuality 
in the wear-rc'sisting ])ro{>erties of the; sectors, but it is almost always 
due solely to sparking. Owing to a wanrf of nniformity in^the 
spacing of the; winding on the armature surfata*, a })articnlar^section 
may be short-circuited %iien in an iiu'orrect position : its j)assag(‘ 
under tin; brushes is then accompanied by sj^irking, and the ^('ctoi^ 
to which it is attached b('C(»mes worn. With carbon brushes it is 
especially important to (‘inploy a soft (piality of mica Jiaving 
aj^proximately H^v* same rate of wear as that of the metal s(*ctors. ^ 
Any recessing of the mica strips should be very slight and carefully 
•done, the edges of th( 3 *shallow groov(!S lx*ing slightly bevelled to 
prevent catching of the bnish on them. Oil and^dirt must nev(‘r 
be allowed to collect in the grooves, simx* they carboni/.e ^ind tlx' 
former may have a solvent action on the adhe sive niati^rial employed 
as cement in building up the mica jHa^es. As, an alternative to 
rec.essing the mica, bnishes cemtaining a small admixture of abrasive 
.material are occasionally used in extreifie cases of hard mica stri])s 
w’hich tend to stand " high ' in wear. 

“ Copp(*r picking " is one of the nlt)st 1l roublccsome ills to which 
carbon bi'ushos are liable, and dittfcult to caire ; the conditions 
giving rise t(j it are but little understood, yet it w(juld ap]x*ar to 
be simply* due to ver>' small sparks carrying over* particles, of 
cop^r in, the direction of the current from commutator to brush 

' For many practical details in axw’xiyn with biysh Ix^xes and brush 
gear, see Miles Walker, Tfie Diagnosing of Troubles in I:lcc(ri9al J^aahines, 
pp. 30a-319. ^ * 

•* See Chapter XIII. § 30. 
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(positive of a generator)^, and under some circumstances tliese 
adhere to the brush, plating its working face, even though nojacid 
or mf)isture k) cause electrodeposition is present. 

If an armature win^ is broken or its connexion to the commutator 
becomes locjse, violent sparking may be set up, and the faulty 
coil may then be located by running the machine until one sector 
becomes pitted by the sparks. In a lap-wound armhture the fault 
li(‘s in the coil behind the marked sector against the direction of 
rotation ; in«a wave-connected armature with as many .sets of 



linishes as then' are poll's, it may be in either tlu' coil bt'liind or 
in tliat' ahead of thi' marked sector. ;\ complete l)reak may be 
identitied by the greenish colour and snapping sound of the sparks. 

riu' li'ugtli of thi' I'ommutator should be sui h that the .sets of' 
brushes c an be relatively staggered I'liough to overlap one another, 
so as to distiibtite the wear; i-therwise if thi're is any sideways 
movement of the armature, sparking may be set up by tlu' brushes 
striking against the .sides of the ridges formed wlien the bnishes 
are exactly in line. With four or more sets of bru.shes, they arc 
best staggi'ied in pairs, sin that a ])ositive and a negative bmsh 
sweep ovei the same path. 

n 

iNOTK TO CHAPTKR XX ^ 

'rill<; SCRFACE OF-CORE AND KND-CONNE.XION InDCCTANCE OF 

ToNTiNCoes-ceRRENT .Armatures 

L The sorfaoe-of-the-core permeance of an armature in air. (i) The ^et- 
meamc xvilhin the f^olar arc. Witt, a ]>air of iliametric slots on the convex 
surface of a ‘J-pole armaturr in air. the paths of the flux eaibracing one slot 
are roughly .;\s shownrhy the luvif aiuiaturc of Fig. 382 : with many poles, 
so that du* pole pitcli lx*coui«\s nearly the paths resembling ellipses 

Ix'come narroweil t>ut still spread out widely into the sur’-ounding space 
(Fig. 38;!). In lx>th casi’s tho^paths arc very nearly somicirclvs near to the 
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slot Opening, and at the actual opening are bounded by the semicircular zone 
which in Chapter XX, § 24 (a"), has bi^en addedilo the slot iiuluctam e proiXT. 

At^e outse# it may be remarked that for the same mimlkr of jxiles, the 
jx^rmcance ]x;r cm. length due to the surface of the core is v^*r> nearly iiule- 
jxndent of the diameter of the armature, so that calculafions from a single 


4tt(P per cm. of core length. 



Fio. 384. — Integrafefl ix*rmt;ancc • la:. 


diagram art» practically applf<.able to all diameters. The sirtiple reasog is 
that as the surfaces from which the flux springs increase in width with increas- 
ing •diameter, so also do the lengths ofifxith in< rease nearly in the .same 
projxirtion. 

Starting from the mi<i-point Ixjtwcx^T l\v» diamelrii: coil sidt-s, i.e. at 90 
electrical degrees from the a-ntre ^f the consiOenxl coil-side, tfti? jvrnfbance 
can be summed up a.s^we approach the coil side even when the width of ofxm- 
in^ of the sloe is unknowTi. This has Ix ea d^ne graphically to a fair degree 
1 1— (506.S..) 
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o{ .ipproximation from diagrams simibr to Figs. 382-3 for the t\- 
of J> = h and of a core nitii so many poles that the pok-pitch 
practically hat. . The results multiplied by fit, ie. fitf are gigen in thAtm, 
full-line curves pf fig. 384, and these show that the nuipber of poles makes 
comparatively little difference. In fact, with a 4-pole machine a great step 
is made towards the case of a flat core. 

The proportionate values of the fhix-density in the two cases arc indicated 
in the full lines 2 and 3 n( Fig. 385. Natunilly the greater curvature of 
the 2-pfjIe case Ii^ads to its fliix-tlonsity falling to the lowest value wliich 
it takes near 90", tiu' longer length of the paths not lx‘ing fully compensated 
by their gradually inen^asing area. But in general the Aux density on the 
convex surface tends to ik'couk; nearly uniform at some distance from a 
fSingle slot, y,nd tlie pt^rnieanc.e r'xceeds tiiat of tin* same region on a flat core 
with lines assumed to semicircular. The results Ix'ing plotted on a bas(! 
of electrical degrees, it iK-comes po.ssiblc to make read’” comparison of any 


in^ for each 10® of arc. 



Ifilectrical degrees from centre of slot. 


* Fn;. 385. InU'grab'd pernusince for eai h 10" of are. 

numlxjr of poles with the 2 pol(> cast*, and fnrtlier to compare th(‘ ca.se of an 
iitfmite numlx'r of poh'S ora tlat core, botli with elliptic and witli scmiicircular 
paths. 

If th(' ])<'nmMnc(> of a flat con* with s«*micircular paths is integrated only 
U]) to 90 elt'ctrical tlcgr('(*s, i.t\ ov(‘r half thi* pole pii( h on oitlu'r sid(‘ of the 
central slot (r/>. Fig. 380), tin* lowt'st enrves of l-'igs. 384 5 are obtained. • 
The density is S('en from big. 385 to fall olf too ra]nilly. and this is lK>rne out 
by experiment. d But in tlu* iirdmany huinula for tin* inductanee of two 
]>arallel wires in air or on a Hat con*, the ]>ermeance in relation to one wire is 
integrated from the «)ne wire to the oth<<r wire. When, however, the actual 
resultant distnlnition of the llux is drawn, ami assumed as tlie basis of calcula- 
tion as in Figs. 382 it wod 1 Ik* incorrect to proceed forwards with the 
integration past the horizontal diameter «if log. 382 or past the dividing line 
of tile iHile-pitch of I-'ig. 383. ♦It is then only necessary to integrate tlie 
IHrmeunce backwards from 90'. ir. from the umtre jioint lx*tween the two 
coil-sides, and tlu* magnetic elTect of the second coil-side ap^x*ars in tlu? 
resultant patlis and tlie areas of ihe tulx-s. With semicircular lines, as in 
Fig. 386, the paths followed by tht* fictitious separate fluxes att’-ibutal to 
each coil-side intersect ; in actual fact the flux close to the centre botw(*en 
the two wires continues onwards nearly in a straight line and the actual paths 
are nowhere vruly circular. In order then to compare the results obtained 
on the semicircular assumption with those actually holding, some account 
must be taken of the .st*micircnlar flux bt yond the pole-pitch. But the whole 
of the flux from 90” onwards to K80" must not he directly ?dded to each of 
the stij^s bacl^Avanls in»the lower tfurw of Fig. 384 ; for we are not at present 
making aiiy assumption as to the arc. covered by vhe current carrying coil-sides, 

* J, Rezelman, Rfcherches surges Phfnomtnes de la Commutafi''n, pp. 65-7, 




COMMUTATION AND SPARKING AT BRUSHES 163 < 


and it is therefore not known when the opposite coil-side is reached and the 
M.M.F. of the first coil-side begins to be neutralized and finally to vanish. 
\ ju|t compaMson is, however, made if in Fig. 386 for every step of, say, 10 
degrees backward ^rom 90® towards 0®, an equal step f(V\\anl from 90"^ 
toward 180® is made. When this is done, the upjxT diUtt'd cur\-es of 
logs. 384 5 are obtained, and it will be how m arly tin* two ^eatnients 
coincide in the cast' of a flat core or iiultH'd for any niimlvr of jHiles from 
four upwards. 

All the curves of Fig, 384 approach infinity at their r end, but it must 
lx* rernemlx?red that with only a .single slot the uppt'r limit is tix('d by half 
the angle corre.ijx)n*d!ng to the width u-., (d the slot o]>emng, or again if a wind 
ing spreail over .several slots or over .some arc were U'iiif; ( imsulered, the 
difference of magnetic potential acting In'tween the ends of tlie tulx's con^ 
tinually diminishes as the centre line of the (oil side is ap]woii( lieil and at the 
cc'ntre Ix'comes zero, yi that the flu.K and the inductance always ri'inains finite. 



Imc 38(v Calculation of jx-rmeanci with Hat ci.k; 
and scnnicirciilar ]Kifhs. 


It will Ix^ ob.seived that, for a normal polar a»^:; (f? of the poh pitch, 

the integrated pernieaiux' up to I3J'' is fairly represeiili'd by 4a: 9-5 for 

any numlx'r of jioles wlun tin* armature is in air. I'o this must fiirlluT lie 
added some allowance for the lines sjireading out lal<Tally on each side ('-f 
the core,' so that the density of the flu.\ on the; surface of the core afits edges 
is greater th<in in .he c entre. 

Finally, thc'refore, the qiermeam'.e in air within the arc normally covered 
• by the pde-faces may witii c<»nsiderable accurac y lx- said to lx* of tin; order 
47:.'’ 10, and this value will Ix' here adopb'd. The reason for the division 

of tlv! surface into the two portions coven'd and not covered by the poles 
has iK'ori already ('xjilained in ( luipter \X, § 21 \h). 

(li) We now' jiass to the consideration of tlu* cjincaleut pnmrance for flux 
within the interpolar an . When a magnetizing (<ul has its turns dividi'd into 
groiijis and lodged in .slots, the general outhm^of the a(>aial (our.st; which the 
flux lines w'lthin the s])an of the magnetizing slots folhav is roughly indicati'd 
in Fig. 387 (c), from which it will lx* sc*en tl^at in the sh^ts on either .side of 
• the central slot with an unevem %uinber. or »f the central pair ^ith an evim 
nunilxT, the flux crisses the slots in a more or less slanting direction [cp. 
Fig. 309). • • 

Now in the previou.s* ^ alculation of |^lle slot inductance. (Chapter XX, 
§ 24 (a) ). each slot has btxm credited with its own local .system of flux, which 
pa.ssing transversely acnjss the slot or its mouth would'yield in each tooth 
radial band%in opposite directions, as shown in Fig, 387 (rt). AVith two ^ots 
only, the exact centre line of the intervening tooth can carry no flux, since 
from considerations of symmetry the At.M.F. of the one slot acting, say, 
outwards is Ixi^nccxl by that of the other slot acting inwards. The effect of 
the second slot (le(;reases as we procc? ! ;gvay from 4he rx'ntrc line of the 
intervening tooth to the wall of the first slot. aml vice veraa, k) that taking 

J. Rezelqiun, loc* cii., p. 15. 
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any section across the tooth the local flux-density is a maximum at the wall 
and thence decreases up to t(ic centre line of the tooth where it changes 
direction. The Barne applies equally to every pair of adjacent*’5lots, so as 
any local system of, lines iK‘culiar to each slot is concerne4 (Fig, 387 (a) ). 




Fio. 387 , I'aths of flux [a) corresponding to slot inductance, (6) in 
* Ixuuls linked willi one or more slots, (c) resultant. 


Now the transversal conqwnent of the actual lines of rigf''387 {c) crossing 
the slots is alrjeady taktn into accounl in the slot inductance previously con- 
sidered. In calculating therefore the sq^-faci^’-of-thc-core inductance, the 
system of Fig. 387 (ul only requires to be supplement'nl by ji symttuttrical 
system of bands of flux commoy to groups of slots or to the sloOs as a whofe 
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(Fig. 387 (b) ). The action may be roughly explaineil by saying that a portion 
of joint flux due to the M.M.F. of the twoibentral slots 1 and F is carriwl 
onwards acro!^ slots 2 and 2' by the M.M.F. of these latter ; this joint flux 
must not therefore fee treated as partly linked with slots tj a»d 2', since tht‘S(‘ 
linkages have already bc-en taken into account in tlie slot inductance. 
Similarly, a part of the joint flux due to tlu^MrM F. of the wires in slots 2, 1, T. 2' 
IS carried onwards acro.ss the slots 3 and 3'. and so on. U will Ik* .sc*en that 
the separate fln.xes of Fig. 387 («) and {h) at that edge of each tooth which is 
nearer to the c^mtre are additive, but that at the edgi* of t ich tooth which 
is farther from the centre they are in opjmsiti- diret tions. I'lie actual result 
is that the fluxHlensity across a section of I'ach tooth ilecn'asi s as we ]»roccvd 
from the inner wall nearer to the centre to the outer wall ^irtherawav, the 
flux Ix'ing as it w-ere driven across tin* slot into the next tooth Or the .s.im# 
effect may Ix' descrilxxl by saying that the flux embracing (he outer slots is 
draw'll irnvards ai rois the slots. W hether we say* that the actual flux is 
exyianded further out\tards from the cmitre or contracted inwards tleyxmds 
entirely upon Jie jioint of view adopted, and each is eipially true. 



(a) 


Linked 

withSiloU V \ 

/ Linked ^ ^ 

{ with one »lot \ 

'flfininh 

(i) 


I'K'i, 388. - Call Illation of indm tam e from lines linked ..'ith oiu' or ii\ore slots, 
(fi) even, (//) iimweii in numU'r. 


Til the cas(‘ of an even numlH-r of magnetizing slots, eat h half of the ceiiti^il 
tooth (ontinm*s t(» carry flux in opjittsite directions, and in tin* acciyint given 
alxive it is assuiuet! that this is tin- only t<toth of which this is true. It is, 
however, yiossiblt'' that if the Itical flux is ver>' strong as tt»mjtar(‘d with the 
joint flux, the .\1..M.1‘'. of otlier slots may In- able t" (‘slablish yiartially its own 
local s'ystmn as an actmdity, but in this case it will only lx; w'itiiin some 
contrai'tod area, and the local flux will be dnv< ii into a narrower and narrow'er 
strip down the edge of eac h t toth furt!*er from the teiitie as ilii' jt»int M.M.F. 
of the ampere-turns increases with increasing niiinlx rs of slots ’embraced 
by the symnietriual flux. 

Tlxis jMissibilitv is. however, gn-atest when the armature is in air. since then 
the symmetricaf field is weakest and the length of'^yiath in air increases 
somewhat as the amp<' re conductors iii(reas<' .so that the density of the 
symmetrical field doi’S not much increase • 

An exact deterniyiation of tl%:- distribut.on and inagnitudif of the local 
flu.ves linked with certain slots out of the ti^tal group would lx- a math(>matical 
problem of great compjexity. even wheii tin- iron is m glected as kung by 
comparis<;:i infinitely peimeable. Its solution wouUI also only lx,* true for 
the particular machine yxisse.ssing tue assumed relative dimensions of slot 
and tooth. , 

In order*then. to calculate the bands of symmetrn a! flux* and’to usk up 
all the available air-space, it will Ixi Ix^st to imagine tin- anijx re-turns of each 
slot concentrated into a line down the ^ntre of the slot. With an uneven 
numixjr of slot.s*(Fig. 388 {h)), the central slot is embraced by its own .semi- 
circular flux at Its mouth, and the remainrng bands v/ill also ^ assugied to 
be semicircular. With an even jjumlxrr of slot.s (F'ig. 388 (a) ) the central 
pair have their own tmall h»ca.l flux, ami it will Tx? better as an appmximation 
tb assume pfcths for the joint l>ands forme(^ by <jiiadrants struck from the 
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centre of the slots nearest the middle and joined by straight lines of length /j. 
The extension of the symmetrical flux over the slot openings is not far from 
correct since, in* proportion to the total length of path in the air, only atohort 
distance is reqaired to complete the path into the inru^r edges of the slot 
opening. 

With /tio slots equally filled witlr conductors [cp. Fig. 3S8 (a) ), each slot 
will 1)0 ca])ped by its own local flux ; this may be assumed to follow semi- 
circular patlcs on the outer sides, and thence to spread out with reduced density 
until it dies away to zero on the centre line of the middle iNwth under the 
action of tlv‘ opposing M.M.I*'. of the second slot. At a >':ertain point along 
the tooth outside the paif of slots, the flu\ linked with Ixfth slots begins, 
the dividing lineoccurring when tlu' M.M.K. of one slot divided by the reluct- 
unce of its path is eipialito the M .M.F. of two .slots divided by the reluctance 
of the altirnative patli. Let x In* the fraction of the tooth width at which 
the Ixivndary line falls then the fraction x is given by the relation 

^ . 1 2 * 

7r(rtt-,, f U-Sjcj) 7:(.ru'^i 1 O-areJ [- 


rr V2 Tc/ w^^ 
or in terms of the tooth pitch, 

lej, , M/, 1 


so that the local flux linked only with one slot always ends at a distance of 
■ v,-^ f- p r 1- ^ from the centre line in the 

Ciuse of a flat too?. Owing to the convex curvature of the armature, the real 
value of X is somewhat gns^'er, but the tlilference is iu‘gligd)lc. 

Thl' permeant e of the lotal flux is then 


iff'a I 




/Li-) 




^logl 


2 /,' 


2-3 

With /, 2-5 (t>i, this is etjual to — 0-202, and the coellicient in relation 

to yj is ' ^ 

J 9-2 X 0-202 0 93 # 

The {k'rmt'ance t»f the joint (lux up to the pole-tipis 


/tzI'* 
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anti if 2-5 te,, J ^ 

2-3 / /) \ *' 

: — u,g ( -- NJ 0-'^% - 0-285 ) 
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Adding 10 for the region normally undt^’’ the poles, the ctH-lficient for the total 
equivalent iH-rmeance is 

' b « 9-2 log - X 0-296 0-285) f 0-93 1 10 

\ ^p X tt', / 

f • 

The curve for . -• 0-5 in Fig. 360 is thus obtained. 

Jb * • ** 

TriHl mth tt'. = tt', and /, shttws that IKit little difference is produced 

by change in the ratio of te, : ; the local flux is reduqt^d, bu^ the joint flux 
is inca>a.sctl, and on the whole tj»ere is a slight increase. • • 
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When the short-circuitetl coil-sides are not equally divicitHl between the 
two slots, let / = the number of coil-sides short-circuittHl in that slot which 
hosftl^e greaflr number, and let g — the smaller niimU^r cd the other slot. 
The local flux of th% J group naturally exceeds that of the gryup and demands 
more width on the tooth-crown on cither sule of the / slot. Tlie centre of 
gravity as it were of the total flux is t\ju» shifted towards the ){|gioup. It 
may. however, with sutiicient accunicy lx* assumed th.U live dividing line 
lK.*tween the local fluxes and the joint flux is simply shifted, so that the mean 
value i eipially filled slots I he less«.‘r arc and 

jH*rmeam'e on live J side Ix'tween the dividing line and the ]xile tip will further 
Ik- practically •balanced by the greater arc and ]>erm<.iiue on the g side up 



Tig. d89. - Calculation of pernu ame for centreinost slot out 
of a fiumbcr. ' 

to the other pole tip. On such approxiinafe assumptions the second and 
fourth curves of h'lg. 860 are obtained, and .^.dogous'^r lh(»se for 3 and 4 slots. 
(Figs. 361, 363 ) 

The curves for one slot and for the cenlt^d or lh<- slot in aK st to the centre 
out of 2, 3, 4, 5 .slots, in each ca#e equally f 'led, are < ollected itj Fig. 389, from 
wliich it will be s«*1tv that the curves for 2 and 4 slots an* but little liigher 
tlvin thos(' for 3 and .S slots respect ivel VI 'flus luiglit lx- expected from the 
comparatively small •iinonnt of flux Wcdweeri tint (ciitral pair of an even 
nnmlx;r of slots, and the fact that with an even numlicr no one slot is linked 
with all the flux. 

If the buck pitch recl5>nc<l in slots is made (>«- l)/j#as njcommcndcd 
in Chapter XI, § 12 (ecpiation 49), tlie advantage is gained that the*c cauls 
tM>rres]H)n(ling to a slot c^in l>e taped ujv into a joint tX)m|K)site coil for inser- 
tion into the^jlots as a whole. lJut the divcrgemxj of from .V/2p may 
then Ixj appreciable (esjx'cially in tlw; \^ave-conne^ted armature with S/2^ 
fractional), and consecjuently the spread of the short-circuRcd j^oi^sidcs in 
the onimutating ^one calls fof a proportionately wide corninutating jwlc- 
• shoe kp. Irtg. iWw). In such ca.ses, in order to les.scn the ncarssary width^ 



.168 


CHAPTER XX 


of the commutating pole-face, it may become advisable to adopt two values 
for tile bai.k slot-pitch, e.ff. vdith 6 coil-sides per slot, two of the c coils to 
have yj/ (y^ . !)/«< and the remaining third coil to have file longeifback 
slot-pitch of yn'* I ,1. The composite coil is thus “ spliti^" and the two divi- 
sions of the one crnl -side must be separately taped and inserted separately 
as an npnt:r layer in two slots. *’l^it the average pitch of the three is now 
ya* "t general it is Vjj^ -j- a fraction, which may be more nearly equal 

t<i Sj'lp and closely approach the diametric case. 

The effect of such “ split *’ coils is to modify such diagrany as those given 
in I’ig. dh-l for a bai k .slot-pitch, which is the nearest do the pole-pitch ; 
intermediate (.a.ses are obtained, and both the slot and c* re-surface |)er- 
meances are alfe^t<‘d. WlMe iHUieficial from the standpoint of wmmutating- 
^)ole width, it destroys cpmphde similarity lx?tween all the component coils. 
Un the other hand, it must lx- rememlxjred that .so far as commutation is 
M)iu;erne<l, the last coil in a slot to lx- commuted is lal ready under condi- 
tions dVlIerent fr|m thoVe of its h ading insghlxnirs i.i the* same slot, 'i he 
advantage or otherwis<* of the arrangement therefore d(?pends on the 
cm iimstances of the cast*. • 




lM(}. 392. 


II, end-connexion permeance. -The induclaiuc of the end~conin‘xio>i<: 
of a cod ()| a h.irrel wbuml armatno' is in slrictn«;s not sim])ly proportional 
to tlu'i^ length, since it (Uyx nds upon the shap<* of the (oil and the area of 
tile path whic h is traversed by the liiu's linked with the ends. In the case of 
a circular coil entirely in air or half emlx-dded in iron throughout its length, 
so^ that every ceiiliiuetn^ length is e.\actly similarly circumstanced, the area 
c.orn'spoinhng to a < *>ntimeln> length (d tin* periphery is a wedge-shaped sector ; 
since the chmsity of the lines decrease's tow.irds the ceilin', a/.(jnare centimetre 
near the periphery of the' ring is of inori' account thru one lU'ar the centre ; 
lienee, as the diameter and length of a turn are increased, the lines per centi- 
metre U'Mgth of the periphery and per ('.(i.S. current-tnrn rise very slowly, 
and Ix'come fairly constant. When surrounded entin'ly by air, this piint at 
which the cnr\T*itf lim's per centimetre^ length becomes nearly Hat is r(.'achcd 
when a di/oneter of SO centimetres is ('xeet'di'd, and a figure of some 8 to 10 
lines jx'r centimetre length is reached. Wiih a rc'ctangular cod frc'e in air 
the smno effc'ct is pre.scnl ; the ma.ximuni numlx'r of lines per centimetre 
length is nec.c'.ssarily olitained WiU'ii the coil is scpiare, but the reduction as 
the c,'oil is narnnvecl is not very marked until one pair of parallel sides is le.ss 
than 20 c.entimetrc's apart. ‘ riiej V sluqK'd tjnd connexions of a barrel-wound 
coil, each of It ngth /' centimetres, if groujK'd together (*og. 390), approach 
fairly closely to the ease of a ^:ircVf replaced thereby if 

W'c ignore tiie intUiencc of the proximity of the iron .zoto ; in a l>ar- wound 
armature with involute end connectors wdiich lie more closely to the core, 
a somewhat higher inductance would lx?' reached. 

It is thereforcj practically legitimate to treat t»'ie end-connector, s as linked 
with Cl ceri.iiil flux ^x'r centimetre length, and the inductance of the ends 
of a drum coil when txirrel-wound may be approximated as follows. At ea,ch 

end the end-connexions of j coils nin side by side, where ^ \ the 

, . *•* \ 0 

C. < I. < 

* H. M. Holxirt, “ Modern Commutatii^g Dynamo Machinery,” Journ. 
/.£.F.. Vol. 31. pp. 185 If. ' , 
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number of sections short-circuited simultaneously at one brush, and between 
the considered coil and the remainder there isfnutual inductance. U t d, ^ 
the c%uncter d! a circle whose periphery is e<pial to that of the f;ruup ol 
coil-ends, inclusive insulation and any air-ga])s which thire fiuiy 1 k‘ Ix-twtvn 
them (Fig. 391, where, eg. the periphery of the d(.>tt(Hl circle is'e«nial to the 
j)eriphery of the rectangular packet of tlrt*? coil ends, each contJhhng ft)ur 
wires). The circle of Fig. 390 equivalent to the two \'-sha]H'd sets of a barrel 
armature has a radius of r ^ /'/r:. Tlie permeance of a t ylinder ol air round 
the coil-end.s, of wadlh d.v (Fig. 39'J), ami extending along lialf th<‘ circle 

corresponding t 4 i tftc connexions at one end of the armature, is , if we 

m gleet its gradual contracti<^n towanls the centre of tlie cireft/ ; this is a( tod 
U|X)'i by a M.M.F. of An element of the '’inductaiu <' is Ihondore* 

d f -• and the integral of d\,x lH'tw<>en tli^ limits 

Jtt.v .t * t' 

of the radius completf* «‘<pnv;d(Mit circle and Uu' r.uiiiis d^i'l of the 

small circle ypre.senting the section of the coils is 




■J-d log,,,^^ ()-45 


If a and b are the two tiimensions of t’m* mukcl. if. its height and width 
(log. 391) so that its periplu'ry is 2(a f- b) %</*it \'- simpler to o tain these 
terms, and we have 

Th(' self and mutual inductance of one end t»f h n Would I hei'-fon* 1h‘ 


.,.21' A .ti ( /'»»« \ 


V • 

log r X 10 " heiirvs 

^ a b 


anu the value /' : for inserli(»n in (1.S7) would !«• 




This slightly exceeds the true value even for a tircle, and mon* exactly if 
the V-shaped ends are groupej together to form a .square* (I 'hii 393) instead 

/' , . 

of a circle the logarithmic term bec/»mes log j An exact expression 


for the circular apjiroximatimi would in fact giv(“ the 
maximum for a given value of/', and the mor<i(Jxiinted 
the V, the le.ss tlieiiiductam c ; Jnit the alxivc expression 
is sufficiently near to the truth. • 

• But though a single eiida onnex^m «>r a smWI group 
of cnd-connexions ny themselves wfiuld lx‘ eiuirded 
by the above flux, infJicir actual positional a barrel 
wound armature in tw<* layers their c.ikc is fjuite 
different. Just before commutation I’ti current sheets 
on cither side of them in thc^same layer aVe in oppo- 
site dircctioifc, and may l>c allowed to cancel one 
another on each side of the end-connexion considered. 



Fig. •393.» I/;n£th 
for calculation of 


but In addition the half end-connexion ill the upficr jicrmeance of V 
layer finds itsel4#crossing nearly at right angles a end-connexion. 


current-sheet in one direction, and th^’haW end-con- • ^ ^ 

ncxion in the lower layer find.sStseff below a cuTrent-sheet crossing it' at right 
angles in the opposite direction, Jf, therefore, Ixdh layers are cut through 
at Various points down the V, and the directyn of the axial component of 
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the current* is marked, the general effect is that one leg is situated above 
currents in the opposite direfttion, and this leg cliangcs during commutation 
(Fig. 394). The .same is also tnie of the circumferential cdhiponentsp The 
consc(pience is that the end-connexion does n{)t start with the full value 
of the flux as above calculated, nor does it end with the full value reversed. 
As an a[f|)roximate allowance ttic» something over half will lx; taken, and 



« 


Fk;. 394. (^iirR'uts in double-layer end-connexions 
in relation to .short-circuited loo]). 



iMO. 395. 'Vot al held from double-layer 
end connexions. 


» ♦ c t 

The same rt'sult must follow with jXTfect linear coVnmutation if the end- 
lonnexions are assumed to rliovt^ through the actual armatun' end-held fixed 
in space [cp. Chapter XX, § 31). Ir the actual end-co'nnexions she<;ts of current 
cros.s one another in ilirectiuns nearly at right angles in tlu' upix r and lower 
layers respectively. Their resultiiut magnetic effect at any s{X)t is therefore 
th^t dut tu .fn equivalent .single slieet of curnhit which is the resultant of the 
two. When the end connexion.s of a jKile-pair are thus anal)'sed they resolve 
themselves into a pair of triangular current-sheets in which the magnetizing 
current flows axially, and a pair of similar triangular .sheets ij\ which the current 
flows circumfen'ntial'v. Joiniiyg uji the strips of current, the held as shown 

* For "axial'' and "circumferential*" com^x>ncn4^ currents in the end- 
connexions, cp. Chap. XIX, §^. I • 
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by the dots and crosses in Fig. 395 is found to change its direction at tlu‘ centre 
between two commutation zones, to be a maxinfum at each commutation zone, 
and ^ decrea# in density towards the <iuter edge of the winding. 'I'he end* 
connexions of diametric loops in the middle of their con\mutati«m form the 
boundaries of the triangular current-sheets, and with liiuar commutation 
these latter remain jicrfectly fixed in spac^. 'If tlierefon' W the«na\iiuum 
value of the flux-density near to the armature and this falls off at a uniform 
rate to zero at the a|>ex of the V, the induced in one end c nunexion 


/ •/f 

of a coil is 2 


r . 


io-« 


4;r ^ sin a . , v • 

2/> 4 // sin it • 

The density li^ is roughly — 

• X 7T • 

• 2p 

and thence substitution, the Ic.M.F. of the end is 

X 20sin> .1 X HI • 

T • o 

so that A' - 20^* — sin* fi, and if a 30"’, 5 ' , which is of the 

t) o 


right order of figures. 

Owing to the mutual inductance from coi’«»id^s short cin uib'd in the same 
slots but ill another layer, the simple adilition <»( llie axial width ol the 4tir- 
ducts to the length /' of tin* end-connexion, as lecomniended on p 111, 

is not slrictl)’ correct and slightK* under-<'stiinates the ejfe< t ; i h . Fngi'i, 

hl.it.M., Vol, 30, p. IHI, and I-.rZ., V(4. 41. p 027, 
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* • THE HEATING OE DYNAMOS ' 

§ 1. Rise o! temperature in ‘dynamo at work.— No subject is of 
greater importance, alike to the designer and the user, than the 
(piestion of the healing of dynamos. The continuous generation 
of heat in the armature and magnet-windings of all dynamos, so 
long as they are at work, is a necessary consccjiience of the passage 
Of the current through their coils, and the appearance of this heat 
implies tliai a corre:^)onding amount of energy-is “ lost," in so far 
as no useful wf)rk ^s deriv (0 from it. All thatOan be done from the 
point of view of economy is to minimize the amount. of the heat 
whicli is thus generated, so as to obtain a reasonably high efficiency, 
suited to the circumstances of any given case. Agj^t^bowever, 
from the (piestion of the amount of heat pnMuced every second, or 
its rate of generation in watts, there is the further and equally 
inqiortant (piestion of Uu',^temperature to which any part of the 
dynamo is thereliy rais(‘d. Whether it be the field magnet coils or 
the armatun; whi('h is the source of he^jt in ([ucstion, when the machine 
is set to work tlut t(‘mp(*rature of their mass gradually and continu- 
ously rises above the |em[)erature of the surrounding air, until, 
iinany.^the rate at which the heat is geiKTated is balanced by the 
rate at which it is carried off by radiatit^.i, convection, and con- 
^lucti 1 )n. hX'idently Ihe rise of temperature depends essentially 
upon tlie amount of cooling surface provided and its actual effective- 
ness in dissipating heat, and, this being so, it follows that it may be 
regulated so as not to (cxcec'd a certain maximum, ^if tlie amount of 
('ooling surfai'e be duly proportioned to <*1110 watts expended. 
Careful consideration of tlui matter is necessary for the following 
reasons. A huge range of lem|X)rature is disadvantageous to the 
working of a dynamo through ^ts ef'fecl; on the regulation of its 
voltage. A high temperature is detrimental through its effect on the 
(‘tftciency of tlu' mpehiue ; and still more so on account of its effect on 
tlie durability of the insuhition. Each of the three reasons will 
now in turn b(‘ considered, the last Ixung of the greatest importance.^ 
§ 2. Disadvantage of large temperature range Lesser constancy 
of voltage. Owing to \hc' rise in temperature of a dynamo 
when at work, the separatef^'-excited or sluint-woundr machine 
requires the P.l). applied to its exciting coils to be raised if the same 
numbercof almperc-turns is to be maintained when the fifcld-winding 
is hot as when it is cold ; while ,^if the terminal voltage of the dynpmo 
is to be kept constant, its internal E.M.F. must J>e increased in 
orde^ to copipensa^c for the -ineWased loss of volts over the heated 
armature coils, and this necessitates vit her a further increase in the 
exciting P.D. or a higher ^sjxjed of rotation, \jsually, therefo»e, 
172 ^ 
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allowance must be made for the heating of the machine in the 
desig]j^of its ^justable field rheostat. 

Similarly, the s^lf-regulation of the compomul-vvowiul machine 
for constant potential is injuriously af|ected by the ilifferenccs in 
the resistances of its shunt, series, ^nd armature coils \\1\en hot 
and when cold ; if correctly compounded when cold, the constancy 
of the potentiiri must necessarily be iufi'rior when it is hot, or vice 
versa. In Uid, ui designing compound-wound machines it is 
especially important that the rise of temperathn; of th# tield-magnet 
winding be not so great as to affect seriously tlnf coinponndfng action * 
of the tw’o sets of Qt)ils, and it should preferaljy be limited i^t the 
most to about 30^ C.*or 55° F. on the surface. ^ * 

§ 3. Dis^vantages of high temperatures. Increase of electrical 
resistance. — In the ne.\t place, the higher the temperatiin* (»f any 
]X)rtion (^Jji^'h'ctrical circu»t of a dynamo, th(‘ greator is the loss 
of volts and also of emagy du(‘ to the passage* of a gi\'en curn'ut 
through it. The limits of temperature within which dynamos are 
worked under average conditions may b^iag^en as 'it) ('. and 60° C., 
or, say, 70° F. and 140 ’ F., tlu' former corresponding to an average 
value for tlu' tempia atiire of surrounding air in the iMigine or dynamo 
room, and the latter to an ultimate temperatiin; which it is usual 
for the coils to attain when the dynann> i^ worked continuously, 
or for many hours together, at its normal ontjnit. ^ 

Between O'C. and li0°('. the resistivity of^ anneah'd copper 
increases uniformly with the temperature, t.c. follows a straighf-linc* 
law. If this law still held stric tly at Iowct tcanperatures, the resist- 
ivity would be zero at some low tcunjx'rature, just .is the volume* 
of a perfect gas would be zero at the absolute zero of temperature. 
Taking tlie International hdectrotechnical Commission’s (1913) 
figure of ()'()0427 per T t'. for the; temperatun; coeitii iont (at con- 
stant mass) of KK) })er cent, conductivity copper at 0^' the inferred 
zero of resistivity will occur at * 


234-5° ('. » 


Wc then have ^ {T } i ) \ S 

• "" T i-zu l 

where T° is tlie iniWaUtemixTalnre ayS th(! rise .ihove 'P, both 
in degrees tentigrade, or • 

_ 17 ° I F) 1- '390 
“ -} 390 

where 7° and i° are in degrees Fahr. * 

* The same figure is also adopted It^the f^ritish l->igincenr\g Stantiards 
Committee (Standardisation Rules ^or Klcctrical Maidiinery Xo. 72 (1917), 
Art. 77). The ^lequcncc of the figures for Ontigrade dr groes renders them 
eas^y to remcnll^r. 
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Further, Messrs. Wolff ^ and Dellinger' have shown that within 
practical limits the conductivity and temperature coefficient are 
proportional -to, a high degree of accuracy, so that, if the conduc- 
tivity at O'" C. is 98 jxjr cent, pf the standard at 0° C., the temperature 
coefficient will he 98 per cent, hf 0-00427 at 0° C., or its temperature 
of zero resistivity becomes 
1 

0'98x0 «0427 ^ 0-98 

« 

If the measured resistance at a known temperature Ty 

‘ ^ M t ,, ,, an unknowci ,, 

(7\' 1 284-5) - 2,'k4-5 in degrees Centigra^je 
R-tx 

“tI 4 

From tlie two measured resistames therefore the mean temperature 
of a winding which Jias resistance A\j at temperature Ty° can 
bo at oiu'e detiamined, anil also the rise in temperature as 


t; . * 77-77 


Rt2 Rj] 
Ru 


2845 f ,;“77 7,‘^ 


‘ (284 5 1 T^') in degrees Centigrade 
. (207) 


'I'lu! temptTat\ne coeffici(‘nt giving the increase in resistance 
^H‘r de^uve rise l)eing 1/(284-5 1 7'" ('.) or 1/(890 l h-)) fhe 
ratio of tlio iiu re.ased resistance for a given rise of ti-rnperature 
to the original R'sistance evidently dep(‘nds i?pon the starting point, 
i.e. upon the temperature at which tlu; original resistance is measured, 
thus tile percen)ag(i increase for each dt'gree becomes greater as 
the starting point is lowered, and taVc versa, as shown l)y the following 
table — 


Temperatuti' at which the ^iveii 
initial te^istiince hohls. c 


T. n- 


0 3'Z 

S 41 

10 50 

IFi 59 

20 08 

25 
80 
35 
40 


Increase in resistance per ohm of 
initial resistance. 


]K>r C. ‘j 

IK-r '"F. 

000427 

0-e0237 

000418 1 

0.00232 

000409 j 

0-00227 

0-00401 1 

000223 

0-00.393 

0-00218 

0-00385 j 

0-00214 

0-00378 ! 

0-00210 

0-m)371 i 

0-00206 

0-tXr304 1 

0-00202 


77 
80 

95 . 

104 ‘‘ 

Bulletin of the U S. Buref.u of Standards, Vol. 7. 
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To take a numerical instance, the increase in the resistance of 
the copper w^e on an armature which rtses 72° F. (40° C.) above 
the tAiperature o^the air of the dynamo room wlien this is 70° is 

or 15J i>er cenf. its initial resistance at 70° F. Hut if R is calcu- 
lated during the process of design from a t^^ble of nsistance at a 
standard temperature of B8° F. (20° C.). tlii; juTcent.'I^H' incri;ase is^^ 
0'2183 for each degree Fahrenheit, ^ and if hot at 1*42° !•'. is 
(I -I- 0-002183 X 74i^- M615 times R cold a^OS" 1*^ ; \vhile«from 
a standard initial tcm|X'rature of 60° 1*'. the tempi'rature coetlicient 
is 0-00222, Jit) that the hot resistance would be 1-182 times its ('old 
resistance, calculated from the wire table for (^)° !■'. 

In tlirrrn'-Qu'^^ coils with 5 large number of layers, as already 
explained in Chapter § 16, the nu-an temperature as deduced 
from measurement of the resistance is considerably higluT than 
that of tlic surface as measured by a th(«iii»m('t(‘r })lac(‘d in contact 
with the outer insulating covering of the ('ondmiors. Ihus 
our previous calculation (( hapW'i' XVII, ^8), fora dej)th of^winding 
of 2l\ was finally bas(‘d on a mean rise of temperatun; for the 
well ventilated coil 1-59 times the surface itse , for with a surface 
rise of 45° F. the increase of its resistance, wyi then be.about 
0-218 (45 X 1-59 -! 2) ^ -*16 per cent, of its n-sistama; cold at (^’ IC,^ 
the t('inj)erature of the surrounding air in llu' fngine looin wlu-n tin; 
machine is at work being assumed to be 70 1*. Such considi'rable^ 
percentages show that the effects of heating must on no acc(;unt be' 
neglected in desi^jning machines or in estimating th(;ir elhciency. 
Fv'cn in arinat\ires witfl^a single layer of conductors, if they are the 
rotating portion, there may be a div(‘rg(ai<'(i of sonu' 30 ]>er ciMit. 
between their actual temp(-j*ature ajj deduced from yu-asunMnents of 
their resistance immediately after stopj)ing and the temperature 
measured by a thermomebT laid (m tln-ir exterior. “ Measurements 
of the rise of resistance, tln-refore, if t^ken toci high degree of 
accuracy, give more information than the temperature of tin; (exterior 

measured by the thermom(‘y*r, althoi^h in the case of ^irmatures 
their very low resistance may neccssitay* the usr* of a Ihomson 
double bridge or otbe^ suitable mcthofl. 

§ 4. Deterioration of insulatinf^ materials.— But, thirdly, and of 
chief importance, if the temperature oT any coil lx;come> very high, 
the cotton or other fibrous material commonly used for the in^ulatitig 
covdting of the copper wires will be burnt or charred ; the insulation 
•• 

* The approxiniatc figure 0-^2 has been in Chapter X^I. § IB^ancl 

employed in Chapter XVII, § 8. • 

• E. Wilsoi^*-' The*HMting of Dynamos," ^Uctvicxan (llth Oct, 1895). 
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Ixitween neighbouring turns is thus broken down, and the short- 
circuiting which ensues is only terminated by complete collapse. 

A “ bumt-out ".armature may be the result of ap accidental Short- 
circuiting of the machine, the heat from the excessive current almost 
instantaneously raising tlie tcrfiperatiire so much as literally to bum 
the insulation. Quite apart, however, from such accidental heating 
the result of continually working a machine at a high temperature is 
a gradual deterioration in the toughness and mechanical strength of 
jdl fibrous imiilating coverings. Slowly dmt surely they become 
‘'charred and rotten, t^hc cotton or oiled linen cminbling away when 
touched, and the jdackened paper and prqss-s[)ahn becoming 
exce.ssively bfttile ; so that, although the insulation resistances 
may still remain very high, the liability to a breakdown is enor- 
mously increased. 'I'lie cotton covering of internal layers of wire 
which have been continuously subjected to high tem|)e^.nres may 
be found to be a mere charred powder, whidi can be wiped away 
with tlie finger.* 

Although filmnis inat^rols in general have a very long life if an 
ultimate temperature of 9()'H'. is never exceeded, yet as soon as 
KXf’C. is exceeded, their mechanical strength is so speedily and so 
seriousl/impaired that they fail to maintain the requisite mechanical 
distances Ixdwec'n co^iductors and conducting structures. The 
lon^twity of even low-voltage machines may thus become reduced 
to a matter perha'ixs of weeks instead of rears. - 
' § 5. Maximum perpiissible temperature. -The ultimate tempera- 
tuR', attaiiu'd l>y a dynamo when at work is thus of the utmost 
importance, and practically it is the ultimate temperature of the 
insiilcifhn whiidi is d('cisi\'e wlum from considerations of durability 
we art'. led to fix a maximum tem|H"rature,. which no part of the 
machine shouUl (‘xceed in continuous working. 

Hy the usi^ of insulating materials, such as mica and micanite, 
whicli may by contrast with co'iton ami jxqx'r be called fireproof, 
v'cry high tcmqieratures become permissible, such as ISO'^C. or 
h. h'ield-magnot coils of thin and wide copper tape can be 
successfully insulated with thin mica or asbestos slieet, and drum 
toothed armatures with K.rrel winding of bars can bo insulated 
with micanite troughs to fake the bars within sluts, 
such constructions are ndi suitable lor hl^lvvoV^a^e cohs arv^ smah 
armature wires, owln^lu w\\\c!h tbiey occupy. ‘But even 

\Vmvg\\ \V.i‘ \ns\i\ati«.n may ])c (]u?<^c satisfactory to withstand high 
tcijipeu‘iure.s, tlie useful field for a " fTfeproof " constniction, at 
east in the case of contimious-ciirrent dynamos which are norn^ally 
noi at. in reasonal.’le temperatures, is very limij^d. The heat 
giiulually soreads to the commMator and bnishes, and impairs the 

> Q. Chap. XIII. § 17; and H. H. Raytibr, Journ. I.E.E.. Vol. 34, p. 656. 

. * C p. C. r. Sti'innu'tz and H Umme, Ttans. A .1 .E,%..yo\.%L, Part I. p.<I. 
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commutation, while the first consideration of § 2, namely, the great 
difference in*the electrical resistances when hot and when cold, 
mak^ the regulation of the voltage more difficult. ,lt is, therefore, 
mainly in connexion with large turbo-jil^ernators that the possible use 
of materials of class B (described bell)w) at very high temperatures 
has Ixicn discussed, and will aj,aiin be alluded to in Chap. XXX. 

Based on tpiie recommendations of the International Electro- 
technical Comjui^sion at its meeting of 1913, the British Standard- 
isation Rules for Electrical Machinery issued by the British 
Engineering Standards Committee (No. 72 — 1917, A]ipi'ndix 1) and* 
the Standardization Rules ^ of the American l^istitute of hdegtrical 
Engineers agree in ^fixing the maximum temyerafure to which 
various m^^erials should be subjected as shown in the first column 
by their division into thrc'e classes — 


A. ('otton, silk, paper, and similar 
materials when impregnat'd or 
immcrseil in oil 

Cotton, silk, pap'r, and sinular 
materials vsIkmi not impn'gn;^t»-<l 
or immersed in oil 
H. Mica, asbf'stos, and other heat- 
resisting materials combincMl with 
A material as deseritx'd Ix^low 
('. Materials raiKibli* of resi^^ing higher . 
temperatures than cl.iss li, sn< h 
as pure mica .... 


/>,7wnssiW<; 

Umf'-rtitlnff. 


Miixiniu m 
furmiisttOlit 

Wm/icraJufH ftse. 


F.) (>5" C. (117'' IC) 

90' ('. (194" F.) 50" Cf (90" F.) 

125" C. (257 ’ F.) 85" C. [15:^ F.) 

Ko Hinits yet s]K'<‘.ified. 


if a material or binder of class A is used in c(uijunction wjjh class 
B material, l)ut%for structural ])urpost;s only, so that the former 
may be destroyed wi^i^iut impairing the insulating or mechanical 
qualities of the insulation, the combined material may be leckoned 
as belonging to class B. , ^ • • 

Wlten the insulation is composed of sttvtual dilferent materials, 
the material with the lowest allowable tenq)erature is to fix the 
temperature limit, but “ material employed in ismall (juantity in 
the construction and not relied upon continuously as a .support 
^or the insulating material " ^eed not3>e regarded as part of the 
insulation under tlfis rule. Tlie latter ruli^s, therefore, would appear 
to meet the case of*rnicanitc backed jv'ith thin papier or cloth, where 
the deterioration of the backing will not impair the insulation when 
once it is in place. ^ 

When different insulating materials are used in different ^artif of 

'^Trans. I.E.F,. Vol. 40 {I921j,V 1571. 

• Mr. J. S. Peck, in discussion on Mf. Everest's pa|KT " Notes on Jnter- 
national Standardization of Electrical Machiiftry," l E.h., Voh W, 

p. 244; and Messrs. Merrill, Powell, and Robbins, Tram. Amer. I.E.E., 
m 32. PartJ. p. 94. 

11t~.<5065Jl) 
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one winding (e.g. the slot end portions of a coil), the temperature 
of each material must fall within its prescribed limitsf ^ 

§ 6. Maxmiuhi permissible rise of temperatu/e as UmitiDg out’- 

put—Huving thus fixed upo/i^i maximum permissible temperature, 
it is evident that the number of degrees by which a dynamo may be 
allowed to rise in tem[)eraturc without exceeding tht; limit depends 
upon the starting point from w'hich the rise takes place ; in other 
words, upon tlie temjx;ratiire of the surrounding air during the 
^working of the dyna^no. 'i'hus, in the case of dynamos working in 
hot atmospheres, for instance, in the engine-room of a steamer in 
the tropics, w’pere tia; normal temperature may be, and frequently 
is, as much as 46’ C. (115'’ F.), the permissible rise is much smaller 
than in the case of a dynamo working in a well ventilated central 
station on land, where the teinjxTaturc will seldom exceed 25° C. 
(77° F.). Since the maximum current of a,dynam(Tt>‘^iepcndent 
upon the rise in temperature which is permitted, it follows that the 
output is indirectly limited by the normal tem])erature in which it 
is to work, and from wntfir the rise is reckoned. 

By tlu; British and American Standardization Rules, 40° C. 
(104° h'.)^ has been fixed as the standard maximum temperature 
which the cooling air is likely to have in tenqxTate climes under 
working conditions, and nence by deducting 40° C. from the maxima 
to which the dift'e.'‘(Mit materials may be i^ubjected, the maximum 
nerm'ssible temperature rise as given in the end column of the 
table in the preceding section is obtained. The permi.ssible rise 
having thus been once fixed, it has been decided that no correction 
need in,. practice be made in cases where the cooling air during test 
is at a diffeiH'.nt temperature from that whicl^ it whl have when the 
dynamo is put into service. Further, the pc.ssible range of variation 
in the Immidity of the cooling air under ordinary conditions is too 
small to reip’ire that it should l)e. considered, the effect of humidity 
in increasing the ctioling power being negligible unless with artificial 
ventilation the air is actually fog-laden.^ 

§ 7. Maximum obsemole temperature rise.--In any rules as 
to the ultimate allowable temperature it has to be borne in mind 
that in all probability therciwill be cu*tain portipns of the machine 
inaccessible to our mensuruig jnstniments, at which the teiufX'rature 
of the insulation will exceed fhat which can be directly ,obst'rved. 
Owing to this fact the increasc-of-resistance method of measuring 
the temjx'rat\ire of windings in order to determine durability is 
really oiily applicable to field coils and some stator windings w’here 
it is known fairly accurately by how much the temjxTature of the 
hottest part exceeds the averagq temjx?rature. 

^ lllaiuhard ami Anderson, Trtws. Vol. 32, Part I, p. 296; 

Skimn'r, Chubb, and Thomas, Air. cit , p. 286 ; and Fran!, and Dwyer, loc. cit., 
p. 249, 
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In order to take into account the 4 X>ssible presence of local 
“hot spots ^ in windings, the American Standardization Rules 
simply deduct from the maximum [KTinissible teniix'ratiires and 
rises a margin of 15"^ C. when measurement is made by thermometer 
(except when applied directly to the surface i)f a bare winding, 
such as an edgewise strip conductor or cast copper winding, in which 
case a correction of 5^^ C. is |x*rmitt<*d), and of 1(1' C. when measure- 
ment is madtfby the resistance method, so diat a sc'cond anah^gous 
table results as follows--- ^ 

/.iwiliiii; LifnthHi; 

iihsrri ithlf ohfmMf 

• Ifffif'i'tii'utf rtif. 

Class A malarial ; l»y ^U'rmnnich'r . 90' ('. (19-4 ’ I ) ‘ 50" ('. (90" F.) 

,, ,, ,, rc'sistain r 95M'. (‘Jo:V 1 ‘ ) 55 ' C. (99" IC) 

(If to-attvIt^nipn-unaUHl, or Jniiuorsrtl 
ill (nl, and 15 ’ ('. less jf not lreat<’<l, 
iiiiprejinatisl, or iinmrrMsl 411 oil) 

I'lass 11 : by thermoiiub r . 110 (. (230 I') 70 (‘, ( I'ifv’ I-' ) 

,, ,, ,, ,, resistant f mcliiod 1 15 ('. (239 1' ,) 75 C. (135 F,) 


The British Standardisatitui Kuh's jj^uirt' the ti‘m])erature of 
the shunt or separately-iwcitecl luid-windings of a (tmtinuous- 
current machine in general, and the temperature of the lield-wind- 
ings of an alternator always, to be ascertained by the resistance 
method, while the temperature of the ai. nature, commutator, 
stTies held coils and commutating-pole coils of tlu' ctmtimiou^ current 
machine may lx; iiu asuyed by thermometer ; the stator w'inding 
of an alternator for less than 5(KK) volts may also be measuied by 
thermonu'ter, but above this voltage, the nxsisununent, whenever 
practicabh*, is to be by the lesistance method. According then 
to the prescribed metluxl of measurenu-nt, the same limits*ar(‘ laid 
down as above; in th^; Amerii an St.mdardization Rules, if the 
•rotating machine is wolmd for a })ies.sure not i-xi eeding S()(M) volts, 
but if wound for a pressun; exceixling this value, 1 is to be de- 
ducted from the limiting ooservabft; temjH rature for eai h l(KK) volts 
or part thereof by which the rated jnessure exceeds 5(K)() volts. 
For commutators the limiting observable tcmtxTaturc and limit- 
ing observable temjx*rature rise are itxed at 90^('. and v50'* C. 
respectively. • 

* In a homogene 4 >us Ixxly fliroughoui the interior (d* which the 
.souice of heat is distributed uniformly, Idt 

7" _ 7 ° * 1 * 

^ m ST ^0 _ * 

JO 7 

-* mean -* o , 

where is the temperature of the outer surface, 

T^max i*’ temixiiature of the hottest spot, 
the mean tcmjxTiiturt of the v;hole. 
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Prof. M. Vidmar* has thence proposed that the temperature 
of the hottest spot should be estimated from measured 
mean temperature and measured tem|x?ratnre 7'^° of the?>uter 
surface upon the assumption that « 2 or e ~ J, ^ so that, 


r, 


■ 2T\ 


- t: 


Deducting T°, tluj tempetratun; oi the ambient air, from both 
sides of the (equation. 


T\ 


IV iU 


-- 27 ® 


■ 77 - r7 


'I'hat is, the mean teinpcrratUR^-r/.sr, is theiiK^an of the rises 

of th('. liottest spot /r7f,aj- tile: OUtCf SUl faCe ' 

It has been found by cah ulation and actual experiment on coils 
of different forms that c doi^s not, in fact, vary widelv'^ami usually 
falls betvvt'en 0-5 and 0-(r Tluae remains, however, tlie diihciilty 
tliat the surface temjxTatuni is assumed uniform, and further that 
the Surfaie ti'inperalure^i) be inserted in the ('([nation must for 
accuracy Ix' that of the coppc'r obtained by tlie use of a thermo- 
(;lement (♦r thin {(‘st-coil aiiplicd und(*r the coil wrapping ; ordinary 
measurc'inent of surface temperature by thermometer will not yield 
the ♦Jiformation nxjuiri'd for a true estimate of tlu' nuiximum 
temi>cnt(ure. ^ 

. § 8. Embedded temperature-detectors. l\y tlu' employment of 
thermo coupli's or resistancc'-thermometers, emlx'dded in the slots 
as temperature detcx tois, •* it may be (‘xpected that the highest 
temjH'ry ture reaclu'd at any spot will lx* more lU'arly measured, 
('onsequently the use of such embedded t(‘yiperatur(*-d('t(!Ctors is 
encouraged by allowing a closer approach - to tlui real |x:rmissible 
limiting ti'nqx'iature. The .American Standardization Rules, 
therefore, txxiuii-C! a deduction tof 5® ( > only from the maxima 
appropriate to tlie class of materi.il in the case of two-layer windings 
for all voUagt'S with detixTors betwven a coil-side and the core, 
and between the layers. Vtvit return to a deduction of 10° C. for 
single-layer windings fur, voltages not excecxling 5000, with 
detectors botwei'ii coil-sidc' and con*; and between coil-side and ‘ 


‘ I'., u. M., \’<>!. j»j». 4tV .ijul H4. 

• 1‘Uttu'r form is fomul in ilUfi rfnt pa]x>rs. » 

> Arihiv fur Elektr.)!., Vol. 7. i>. 4l"(VV. Kogowski), aiui Vul. 8, n. 117 
(M. Jakob). , . ^ ' 

fiir FUkirot.. Vol. 8, pp. 128 And :t82 (M. Jakob), and p. 329 
(W. J^ogowski aiul V. Vieweg); an(| F.T.Z., Vol. 41, p. 648 (K. Lubows'ey). 

• For such sjH'cial methods of measurement and the advantage of thermo- 

couples over exploring, colls, six* esjx-eirrlly the pajx'rs of Messrs. L. W. Chubb, 
E. I. Xhuto, 'hnd O. W. A. Jetting Trans. Amer. I F. E , \o\. 32, Part I, 
p. 183; of Messrs. J. A. C-app and L. V. Robinson, Traxs. Amer. I.E.E., 
Vol. 32. Part I. p. 185 ; ami discussion, pp. 382 tf. • 
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wedge, while for more tlian 5000 volts, 9 wing to the greater tliick- 
neivS(^ of thoiinsulation and high heat-gradient iKdwecn copjxir and 
iron, an additional deduction of T’ C. must he made for each 1000 
volts above vSOOO volts rated pressure l.'jt'tweeu terminals. ^P'urther, 
it is stated that emlx‘dde(l detectors an' to l>e used in all stators 
with cores 50 cm. (20 in.) long or more, and this csiH'cially applies 
to the case of large turbo-alternators having lung cores where the 
heat distribution may vary considerably from centre to eitlu'r end; 
embedded temperature-(fetectors are also to 1 h' used m all machines^ 
for 5tXK) volts or more, if their output is over 5(X) kV,\. 

The thermo-coiip^es for use iis desciibed abive an; usually made 
of iron and t^Tnieka wire, the voltage being read on an accurate 
milli-voltn^eier. ‘ 

§ 9. Rated output. — Thus the gn'at importance of the safe riae 
of temp ’■ati' 9 [‘ lies in the Itmit which it pbna s to the maximum 
cunent that may be passed through a give n armature in continuous 
working, and in the majority of continuous-currttnt dynamos it is 
the s('ri<)us heating which would occnr»'4';)*(!V(‘ryday working if the 
armatun^ current wiae increased that fixes their full normal outlet. 
By the British and Americao Standardi/ation Kules a generator 
must give its rati'el output as stated on its nameplate* in continuous 
service, with the' addition in the former mb < that it must be c apable 
of carrying for 15 se*eonds a load in ainjx res 5(t j)er ce'Ut. excess 
of its standai'd rating uftliout injurious sparking, and by tlu; latter 
rules a momentary h»ad of the sanu; amonr.t. 

A stipulation whie'b has been vc'iy largely emj>loyed is that the 
machine must run satisfactorily during a te st of six hours’ duratiofi 
at full load without undue lieating of any part, and that at the end 
of the run tlu' surface' tempe-rature of the* armature' (»r field- winding 
*rnnst not exceed the; temjK*rature c)f the snriduncling air by more 
than 7(b I', b'or short periods of, say, 1 to 2 hours, the normal 
full-load current mav usually be: excca'ded by some: 20 to dO jx*r cc'Ut. 
witliout raising the tem]Hraturc' of an armature in an exca*ssive 
degree, and such a jMTinissible overload c:nabV:s the dynamo to 
deal with a large demand h)r current lasting a comparatively short 
.time. ^ ^ ^ 

I he rule s adofflc'd (1920) by the British bdectr ic and Allied 
Manufacturers Asoxjation n'cumrnc* ff.i as standard conditions for 
machines with unobstructed ventilation that they should lx: cajiable 
of withstanding an overlyad of 25 jx^r cent, lasting half an hcjiir 
when their continuous rating is lx:low 25 k\V, lasting I tiour*for 
ratings IxTwcen 25 and 100 kW, an(U2 hours for ratings of 100 kW or 


‘ For further details, see Miles W^lkef, The Diagnosing ^ Troupes in 
Electrical Machines, p. 46 ; and F. 1) Newbury and C.. J Fechheimer, “ Fractical 
Experience with Erf!tlx?dde<l Temperature Detectors,” Trans. Amer. I.E.E., 
Vir. 39. Par# I. p. 971. • 
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more. A standard air temperature of 25*" C. (77° F.) is assumed as a 
starting point, and then for rating purposes a limiting yse of surface 
tempTirature is ji/Iopted of 40° C. (72° F.) for windings, or of .^° C. 
(99° F.) for commutators and slip-rings, both as measured by ther- 
mometer. A constant temperature is regarded as reached when the 
rate of its in( rease does not exceed 1° C. |x^r hour. The same rules 
lay down tliat in g<Mu;ral the t<*mperature rise as measured by 
in<'reas<^ of resistance should not exceed S5 ' . (99° F.),for alternator 
field coils, or/sO^t'. (l'08° F.) for shunt field coils of continuous- 
‘curriiit machines. 

A.ssyming a norm;d temperature of 25° C. (7.7° F.) for the .sur- 
rounding air, il will be .seen that the maximuin temperature which 
the surface* of the coils may attain in c(uitimious worJ< is 65° C. 
(149° F.), and (liis limit is found to give thoroughly satisfactory 
results in practice. It furth(*r re.sults from such a rulcj.hat the 
temperatun^ «>f an armature, as nusisured oy rise of resistance, 
may differ considc'rably from its temperature as measured by 
thermonu'ter, before a liuij^nf 95° ('. is exceeded. With stationary 
fu-ld'inagnet coils having considerable* depth of winding it might be 
thougiit advisal)l(* to fix :m (*V(*n low<‘r limit of surface.* rise, such as 
dOM'. or^vSl ’I'., in etrde'r that the; e'entre* layers m.iy not (*xcecd 
the permissible* maxinu^in te'inpe'ratnre*, but the absence therein 
of tlVe vibratieai aiul meehanical stre*sse*s te) which the rotating 
armature is subje*e'teel permits of a close*!' approach to 95° C. without 
hnpaiting the elurabilily e)f their insulation. 

In the; case* of mae'hine*s for use at high altitnde;s abe)Ve* ddOOft., 
it is advisable; te) re;duet* the; permissilele* te'mpe*rature rise* when 
texste'el iiTar se‘a le've*! by 2.1 to 3 pe-r e’e iit. for e'ae h 1000 ft. abeive 
a'lOOft. '' . ‘ 

§ 10. Testing dynamos for rise of temperature.-- In order to* 
dete'rmine the* air tempe'rature; e)f the* re)e)m se*veral tlu'rmometers 
shenild be usenl, plaex'el fre)m 3 teiM feet from the* machine and on a 
level W'ith its centre e)n eipposite sieU*s ; tlu v she>uld be protected 
from draughts and^abnornpil lu'at raeliatieni, and the mean of their 
readings taken at e-epial intervals eif time during the last epiarter 
of the duratiem e)f the te'st i'* to bo aelopteal as the final air tempera- 
ture. rhelime taken for the armatufe and field«ce)ils of a d)Tiamo ' 
to attain their ultimate tehiptratnres is depeiuUvit upon their size. 
At the commencement of the r\\n the rate at wliich heat is’produccd 
is almost as great as when the machine luis attained its maximum 
teiitpr'raturr.' hut part of this heat is absorbed in raising the tem- 
perature, not only of the winding, hut also of the core or rnagpet 
on which it is wound. The larger this mass which lug^.to be heated, 
or the great^er its syeciru: capacM^' for heat, the longer will be the 
time taken in raising its tem|X'rature,»sintll the final state is reached 
in which the heat has to Ix) dissipated almost enfirely 'by radiation 
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and convection currents in the surrounding air. A certain difference 
of tempcratiye between the cooling surfaces and the surrounding 
air nf^st then ha\;e been established sufficient to eyable the iieated 
masses to part with tlieir heat as fast as it is generated. Strictly 
s[X‘aking. the temperature approaclu^; its final value asymptotically, 
the rate of increase Ixang a maximum at starting and thence 
gradually falling off * but if a machine In* run with constant load 
for several hoiirs' and the rise of temperature of armature or field- 
winding, as taken at intervals of, say, one lu>ur, In* plottial as ordin- 
ates to a horizontal axis of time, the curve so cbtaiiusl will l)t‘ fouiur 
to Inmd gradually #>ver and become more anj more Hat : hnally, 
the readings will fall^dmost in a straight and horizontal line, showing 
that a sli^idy tem|M‘rature has then practically I'ctu attained 
cp. Fig. 396). Such an ex|KTiment (Uiables us to be ciutain tliat 
the final state has been reached, and tlu* time whi('h we find that a 
dynamo of guam size takes to attain its maxiinuin tem]>erature 
will serve as a clue to th(‘ number of hours for which a machine 
of similar size should be run at full-load yy^rder to test it tlmroughly. 
While an armature, of widt h the ( <»n‘ dimensions are 9" diameter 

6" length, will att.iin its final temi>erature aftiu about hair hours’ 
nm at full-load, an armature 15" diami'tt'r • 8" long will barely 
reach its maximum rist‘ in six hours, and largi'i mat hines will 
najuin,' to be run for still longer |XTio<F. h.ven, however in large 
mat'hines, since they am; multii>olar and an* usually barrel-wound 
or in other ways have their windings w'ell '-xixist'd to the Cooling 
effect of th<? air, there is but little, rise of temptaature afti r the first 
8 or 10 hours. * 

fhe tluamometcr (‘luployed to nusisure the tem])eratuit‘ of the 
surfaces should };rehrably be of a sensitive' chemical tylH^ the 
•graduated glass stem having a very lira* boiv. and the small cylin- 
drical bull) containing but litth; mercury ; after btang laid or 
held in close ('(»ntact with the witiding, it should be covered with 
some material (sucli as a pi(‘ce of rag) which is a bad conductor 
of heat, and then all<>wed to remain undisturbed^for several minutes 
until the mercury entindy c<'ases to risce ^ When a rotating arma- 
ture is stopjH'd at the end of a run or iit any ti^iie for the purpose 
*of taking thernmnieter reaiftngs, tht* ‘temjH’ratun^ of Its exjioscd 
surface continues t«) rise* for some iHimTt(*s aftt'r the rotation ha^ 
ceased. The generation of heat ce^.s<’s with the rotati<jn, but tfu 
simultaneous cessation of the air-currents set up by tin* revolving 
parts virtifally amounts !o a large reduction in tlie (T) ilitgg pr^wei 
of the surfaces, and in consequence the fall of tem|K?raturc Ix-twcer 
the inner or.^iottest parts and the external surface is reduced 

* For other details in aainexinn with t.(inperature me;#njre.me/lt, cp 
Messrs. Keist and F<|j‘n, 1 runs. Atfter. I \ol, A2, Part I, j). 177 , and Milci 
Walker, Tht^iagnosing of Troubles ttt EUctrual Machines, p. 41. 
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in other words, the outside rises by conduction to a higher tem- 
perature more nearly tlie same as that of the centre of jieat. Both 
the cotton insulation of the wires and the shellaQ or other vanish 
with which they are coated are bad thermal conductors, and it 
theref(ire*takes an a])preciable ttinc for the heat to penetrate through 
them to tlie outside of the armature. It may further be mentioned 
that, owing to the low thermal conductivity of insulating materials 
in general, if a heated armature be cursorily felt witluthe hand the 
bare rnetal ofjhe binding wires, or even of the commutator, will 
^ippcar hoHe;r than the insulated wires, and these latter may seem 
coinpamtiveiy cool t(; the touch ; any such conclusion is, however, 
entirely illusory, and the continued application of the hand to the 
conductors will usually sullice to correct the error. 

The speed of shutting-down has a ckcided effect on the maximum 
temperature ns'orch'd by a Ihermomoter applied to^irinature or 
rotor after it has coukj to rest. It has thureforc been proposed 
to kee]) the field excitation on wIkto practicable in order to bring 
the machine to rest as o u^ lv as possible. ^ 

§ 11, The growth of the temperature rise.—f iiven a homogeneous 
body, in whicli lu'at is bcnng generated at the rate of W watts, 
i.c. W joiftes pcT sec., let it be a.ssumed that the rate of dissipation 
of heat from it by radiation, convection, and conduction is strictly 
proportional to the temperature ri.se ; it could then be .said c.^. to 
have a frue " coolibg coefficient ” beingrtlie watts that can be 
dsssipi\t(!d per unit are^* of cooling surface per 1“ rise, which when 
multiplied by tlu‘ cooling .surface 5,. of the body will give its total 
rate of dissipation of heat by radiation, convection, and ('onduction. 
Although, as pointed out in the following section, not strictly true, 
the assumption is one that may safely lx* ivade for all practical 
purposes. The rise of the temjH^rature of the l>ody above its 
initial temperatun' aftiT any time t is then given by the erpiation 


n 


dt 


IVr ■ 


w 


where H is the heat’ capaiaty of the body, or the joules required to 
raise its whole voliinie T. 'the solution of the equation is 



whore e is the base of natural logarithms, and ~ is t*he 

“ time-constant " of ^|he body wliifh is being heated. ' It is evident 
that the cur^e of the rise of temperature' in relation to time is an 
* Messrs. Chubb, Chute, and Getting, Tratts. A.I.E.E., \'ol. 32, f^rt I, p. I75t 
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exponential curve exactly analogous to Jhat of the rise of current 
in an inductive circuit. It will therefore have to some scale the 
shap# of the cuiye of Fig. 396. The final rise. of tenii^erature 
which the body will ultimately attajn and to which the curve 
approaches asymptotically is of coutsc simply * 

rate of genen*tion of heat in watts 
rate of dissipati(¥i by radiation, convection, and conduction jht T 
rise in temperature 



Fio. 396. Curve temiMTalurc rise in relation to time. 


From the nature of equation (208) the “ timi‘-Cf)nstant,'’ - - 
H,^Sc is the time in which the rise from tlie iniiial tcni])erature of 
/;-! 1-718 


the surrounding air actually reaches ~; 


, or 63-2 i)er cent. 


'ol the final excess temjxTature, as is ecidimt wlnm / is made equal 
to Tc. Or in gtmcral, for convenience; in pl»)ttiug the curve, with / 
expressed in multiples of T^, theorise when t J\12 will be 39-3 
jx;r cent, of the maximum, at the end of time will be 63-2 ])er cent., 
at / — 2Tcy 86-5 per cent., at t -- 95 per ceyt.. aiul at I -- Ai\ 

will be 98*2 per cent., so tliat it then only differs by 1-8 jx;r cent, 
from the final value max- * \ 

• The cooling equation is ctinversely ‘ * 


The tim6-constant, lx*ing the ratio • • ^ 

joules required to raise the whole volume 1® 
joules dissipaftfd by radiation, cortyection, and conduction in unit 
hme per I® ’rise • • 

is^given in §econd5, minutes, or hours according’ as its denominator 
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is |Sc, fSc X 60 or ^ 3600, and t must also of course be 
reckoned in the same unit of time. The time-constae,t is also the 
time in whieli the body that is being heated would reach its^final 
temperature if tin; initial rate of increase was steadily maintained 
and there was ikj cooling action from any of the three causes, 
radiation, cr^nvection, or conduction, d^e to the rising temperature 
(cp. tlu‘ dot ted iim‘ in big. 396). The equivalence is not immediately 
aj)parent, sincti at the starting point tlu^re is no dissipation of heat 
by radiation, c^mvection, or conduction from the body owing to its 
1)eing at tiu; same temperature as tlic surrounding air. But if 


is multiplied liv r — ; r-rr ^ — : , the numerator 

jouHs expeiHual in unit time 

unit time expressed in seconds 


and denominator of the multiplier being equivalent* expressions, 
the time-constant becomes 

ir 



rate of expenditure of jouK^s in unit time, 
joules recjuired to raise whole volume 1° 


th.it is, 

' // linal e.xcess temp(‘ratur(' 

^.S,. initi.il rate of temptuaturh incnsisi' 


tlie initial nite being given in (U‘gre(*s per st'cond, minute, or 
Itour ac'cording to the unit of time sehs'ted for the cahulation of 
7 and A 

With a knowledge of the total rate of lo.ss in jratts undi^r any given 
conditions and also of 1'^, any question as to the lu'ating or cooling* 
of a dynamo as a wholt! or of any part could lx; solved, jirovided 
that the hvA is 'gi'iuTati'd fairls uniformly throughout the part 
consitleivd. Actually the lattiT condition is not very closely 
fultilled, and at st.arting there is a consider.ible amount of conduction 
of heat from the parts of sifiall thermal capacity to parts of greater 
thermal capacity. Jt is only, therefore, in the later stages of a heat- 
run that the exponent i.d curve for-^ the rise of temperature is ' 
reproduced to any ch>se dtgru' of accuracy. 

h'or a givt'ii material the va\ue of H is dejH'iulent on its sixicific 
heat and is therefoit' known as a fact of ])hysics. Taking the sjxicific 
heat of cojipcr {xu' unit mass as 0()95 (Calories required to raise 
1 gramme of mass V t\). and the weight of a cubic inch as 0-32 lb., 
then .since 1 calorie - 4*19 joules, the joules required to raise one 
cubic inch T C. aif 0*095 .v. 4*19 x 0*32 x 453*6 57*6, or 3*5 

joules jxT cubic centimetre. Taking, the stxicific heat of iron or 
steel per unit mass as 0*113, and the weight oi a cujbic inch as 
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0-282 lb., the joules required to raise one cubic inch of iron TC. 
are 0-113 x ^-19 x 0-282 x 453*0 60-*^, or 3-68 joules cubic 

centimetre. There is therefore but little dilferen^e Ixtween iron 
and copper, and an average figure of 59 joulos cul)ic inch, or 
3-6 per cubic centimetre, may be tak#nV(»r a eomj^osite m.js^ sueh as 
an* armature. The total watts of the armatun- are thru to be 
averaged over.its entire volume, and the truth of the above aj>proxi- 
mation for tin; joint specific heat is of course depend-nt upon how 
far tlic heat is actually deve]o]>ed in tin* i-ore ayd winding in 
jiroportion to their resjx-ctivt- volumes. . * 

In the case of field-magnet coils, witli numerous turns of (otton- 
covered wire, allowafice must be made for tlie higlier f}>ecilic h^eat of 
the cotton.^ the specific heat of cotton is alxuit'four times that (»f 
copjier, say, 0-38, and the joint specific lu-at of the copjHT and cotton 
will depend upon tlu^ nitio oj the copper to the total. The heat is 
only d('veloped in th('»C()p])er. and for calculating eitlu-r li or tlu- 
initial rate of rise, if the watts are averaged over ilie entire mass of 
cojijH-r and ('otton, their joint specifu' ly-aj j>er unit mass is higher, 
but if the watts arc* averaged over the (‘Utin* \olmne, it is lowt-r 
than that of solid copper. With closeh- bedded re( tangular wire 
the ratio of the cojiper volume to the total V(»lume is tlu* “ s{)ace- 
factor " a, and the wc'ight of a ( ubic im h of cotton is 0'().323 lb., 
so that the; ratio of the- weights of tmit volume of (ojtpei' and cotton 
is 9‘9 ; the spec'itic hea^ per gramme of the coiTibined co)tj)('r and 


cotton may then be calculated from the forfnula (l-OtfS 


f \ I 5-9C7Y 

Or analogously to tlu* al)ove expressions, the jouK's re<juired to raise* 
a cubic inch of cotton I ’C. are 0-:i8 419 ■ 91)323 / 4536 - 

23-3, and the joules fo.' any ratio o of coppea \ olume to total \ oiume 

^re * 


23-3r34*:kT 

• 

as plotted in log. 396c7. ^ The result is that the joint sju-Ofic; hc'at 
of field-magnc't coils per unit volume is aiqucciably lc;ss than that 
of solid copper, and if the wire? is round, he air-.Titc rstic c‘s will Icmd 
torlecrea.sc? it still furtlu-r. f)n the- edhe-^' hand, the thermal ca{)acity 
•of the adjac'cnt ni^tal of the* »iagnc;t wlfich is lu\ted bywi'onduction 
has above been neglc-cted, and this^bweys tc*ncls to increase the 
apparent specific hea^. • 

Since Tg is usually reejuired in*minutes, we thus have 

^ j X cubic inches of total volume . • • 

r, " ^ minutes 

• 60 X fS,, 

where / — the*^oules to raise 1 cu^ic yich 59 for armatures 

• • • • 

* C. \V Hill. " Crane Motors *and Controllers," Jyurn, 1 E.li., \’ol. 36, 
pf . 294 and ^1. 
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and IS taken from Fig. for field coils in relation to the space 
factor. Since the initial rate of temperature increaas in d^rees 
Centigrade per minute * 

evatts per cubic inch of total volume X 60 

; 

an alternative exj)ressi(m for 7’^ is 



Space lector, (T 

I'k;, Sp< ( ific, heat of v ot ton insulated coil in relation to 

spaet: factor. 


If, tliendon', is unknown, it still reinadis nece.ssary that the 
final exiass tenijH'iature should l)t‘ known, and it is, in fact, mainly' 
to check this that the dynamo is tested by a run of several hours' 
duration. l'.\|HTimeut cannot fnerrdore be dis|H!nsed with unless 
from previous cases the final excess tem|XTaturc and the total 
watts dissipated as heat can be regarded as known, and this is more 
usually the Ciuse with field coils than with armaturt's. An approxi- 
mate calculation however, thence be made as to the time for ^ 
which a given inaciiine musf be run in order to reach practically its 
final temix'rature or any paA'icular ]XTcentage of it.' The longer 
[Xiriod for which large machiitv^s must be run in order that they 
may attain their final tem|xirature is obviously due to the ratio 
of their voh.nne to their surface, which increases with dn increase 
in size, altliough this tendency is partially counteracted by .the 
fact that there is usually at the same time an iofrease in the 
numlxir of ^x)los. ' 

Further, if the tenijxjrahire ris(‘s at different times during a run 
of a few hours are plotted, it usually l)ecomes {X)ssible^ to predi<?t 
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the final temperature from inspection of the shape of the curve 
with fair accuracy. Or by taking the >fapierian logarithms of the 
slopelof the tang^ts to two points on the rise-of-tcjnivraturc curve 
corresponding to times and /j, the value of the ratio HJ^Sc can 
be found without a knowledge of either of its components ; for 



We can thence fin^e ^^'^cand state by how imicl^ after the end 
of the run tin* temperature falls short of its linaU value. ^ 

Lastly, while the exponential curve re])roducesthe facts sulliciently 
closely for most practical purposes, it must be borne in mind that 
it cannot be strictly true, o'^^ing to the fact that tlie total ra.te of 
di.ssipation in watts irf the machine as a whole or in any j)arl of it 
is not usually constant, but is varying as it gradually warms 
up. 

§ 12. The heating of stationary field-magnet coils.- 1 be final 
rise of tein}X‘rature of a field, coil is juimarily detcanhiu^d by the 
ratio of the cooling surface S,. to the total watts to b(‘ dissipated, 
or by its reciprocal, the ratio of the total wa4ts to the < ooling sur^iH'e, 
and under given conditions it is approximately in^’(TS('ly pro^)riional 
to the former and directly proportional to the latter. It^ may 
therefore be cxpres.sed eitlier through lh«“»'' cooling coefficient, 

1 ir 

f, as Z'" “ t ‘T’ through its recijmxal, the " heating coetheient,’.' 

o . • 

as t k . — wheie ^ ^ 1/*^ is the rise of t<‘in])(‘rature for a ratio 

• * 

of one watt dissipated }x*r unit area, i.c. jx r watt ]>eT unit area. 
In either form the coeftiment is #iot really a cobst.mt, but itself 
dejxnds u|X)n the final temjHTature which is reached, fids is due 
to the increased effect from radiation, as the difference of Icniixrature 
of the surface from that of the surroumlTng air I'ses'* ; if tlui whoh^ 
cot)ling effect resulted from radiation, ^lie nahiciion in tlui heating 
• coefficient when ^ high fmak temixral^ire. wasVittained would be 
considerable, but in the dynamo at w^rk«it is of less acr(junt owing 
to the prcponderafiifg effect from C 4 »nduction and convection. 

‘ See Miles Walker, The Diagnosing oj Troubles in Electrical Machines, 

p. 45. • ^ 

• Cp. R. Goldschmidt, " Temperature Curves and the Rating of Rlectrical 

Ma<fliinery," Journ. LE U., Vol. 34, p. 67911., wliere curves of actual machim?s 
are given, and the amount of their divergence from the exi>onentiaI .shape is 
noted. ^ ^ , 

• G. A. Lister, " The Heating Coefficient of’Vagnet Coils," Journ. I.E.E,, 
Vpl. 38, p. 402 ; and^Prof. Magnus Maclean, Journ. LE,E. Vol. 53. p. 526. 

• - 1 
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But apart from this variation of the heating coefficient, and when 
it is assumed that the final rise is strictly proportional, to the watts 
j>cr S(|uare inchiof cooling surface, the value of is dependenf upon 
a number of conditions of which the chief are as follows — 

(1) liie construction of thti field coil, whether a solid mass^or 
divided by ventilating spaces into sections as described in Chapter 
XVII, § 8, and whether wound on spools or otherwise. Sheet-metal 
spools or bobbins assist in conducting heat to the iron core if closely 
fitting. Whe.r furnished with wooden end-flanges, the latter act 

'as partial heat insuhuors and raise the temperature. On the other 
hand,, brass or iron liiid-Hanges assist considijrably in conveying 
away the heal, 'fhick insulating bobbins, such as tjiosc moulded 
from vulcanab(;st, although convenient for the windep-, have the 
disadvantage of increasing the heating coefficient. 

( 2 ) The nature and thickness of the insulatii?g wrappings, 
es[)ecially in such coils as are self-suj)porting' and after winding are 
slipped direOly over the pole. Thus with a coil of double-cotton- 
covered wire \vhi( h is mviely varnished on the outside, the mean 
rise may be only about 1 | to IJ times the surface rise ; if wrapped 
with thin tape, the mean rise will be increased to U or IJ times, 
while if flu* coil be again overlap|X'd with canvas and string to a 
considerable thickness the mean rise will be further increased by 
.some 25 to 5 t) per cent. ‘ 'I'hus any insulating wrappings, owing to 
their low tlu'inial ('onductivity, have a prejudicial effect upon the 
tnean ris(‘ and also upon th<‘ maximum internal ri.se, even though 
th(!y may tend to lower tlw' of the outside, 'fhe bare edges of 
<opper tape wound on (‘dge in a single hiyer, as in the field-magnet 
coils (d multipolar ('ugine-driven alt(‘rnators, add considerably to 
their power of ('oiuhu'ting the heat immediat'v''ly to the outside and 
ther(‘ ladiating it away. 

( 3 ) The pt'ripheral speed of a rotating armature, which causes a 
more 01; less efficient circulation of the air round the field coils. 
This fanning efhrt is estiecially marked in multipolar machines 
with armatures of Jarge diameter. 

( 4 ) 'fhe load t)f the armature ; as this is increased, the tempera- 
ture of the armat^'i e rises. miuI the air which is thrown off from 
its surface and circulates round the stationary coKs becomes hotter, 
.so that the dis.sipation of hea'i from the field is vhecked. 

( 5 ) The type of machine wheUier bipolar or multipo’lar, serni- 
enclosed or open. In a small multipolar machine, if the numl^er of 
polos is dai^ge, the opposing faces of the coils are brought close 
together, and this is es|x;cially true with commutating ix)les which 
nearly till up all the space betw'een the main poles. , . 

* Cp. tliroughout E. H. Hayner, " Kep)rt on Temperature Experiments 
carried out at the National I’hy.sical T^aboratory,” je trn. / E.E., Vol. 34, 
p. 628 fl. 4 • 
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(6) And lastly, the position of the coil, whether at the bottom 
of the machine or at the top to which the air heated by the armature 
ascei^s. ^ 

The basis of calculation for the cooling surface of tlie magnet coils 
varies in the exj)eriments of different t)l)Kervei^. so iliat in ci^iup.ii ing 
thftm it must be noted whether only the external cylinder surface is 
employed or whether .the exposed surface of one or both (‘luMlanges 
is added thereto, br lastly, whether the whole of the surface, external 
and internal, is adopted# * ^ 

Probably the best basis is to be found in the (uitside siiifaca' plus* 
both the end-flanges, as in Chapter XV, ^ 5. With the cointKir.itively 
short coils of modetn multipolar machines having considerable 
depth of wjpding, the cooling effec't from the ends plays an important 
part, and the combination of the external cylindrical sin face with 
tliat of both end-flanges is Jiere adopted.^ In iIk' case of coils 
divided into sections, 4he same basis may be taki'ii, the total axial 
length of the coil being reckoned without exai t (alcnlation of the 
air-ducts, but in combination with a^low value for the heating 
coefficiont. 

The rate at which heat is developed in the magnet (oils admits 
of easy ineasureriKuit and ( ahailation as the jirodm t of t’fte S(iuare 
of the current into the resistaiu'e, Ihe ratio of tlu watts to the 
area of cooling surfad' is therefore niu( h more ac( mately kif)wn 
than in armatures ; a^id further, as the helfl-magnet coils are 
stationary in continuous-current dynamo^, and theiadon^ 
affected by currents in the surrounding air than is tint rotating 
rlrmature, their temj)erature rise can be picdiited with greater, 
certainty. • 

In the walues^ti-i 1^; taken for the “ heating ((xjlhcicmt " the 
distinction must be caic^ullv noted In'twetm tlu* rise of tin; extt^rior 
.surface of the coil and the mean rise (»f the whole of the copper 
wire, and again Ixdwven 'these Jifid tlie maximum tt nijierature 
rise at any sj)ot within the coil ; for ea( h < ase the value will be 
diftenait. 

Taking any oiu? layer, as we pioceedVrom the cenlie along tlu' 
axfal length of the coil towards eitluT (»nl, the ^nipiTature alw'ays 
Vleclines towards ekher end-lkfnge, whi(fi sluiws ^e inllirem e of the 
end-flanges in assi.‘^ing the di.ssij)ati(j« of the heat. On the other 
hand, as we pass from the outside ifidially thrcaigli the layers the 

* Mr. Lister [Journ. J.E.E., Vol. 38, j). 401) ;uivoeat<*(l tlu; udoption of 
the entire surface, external ana internal, and the iron of the p)U^iKy.»ubtedly 
assists in conducting away the heat. ^'ct stiue wlu-n the niac.hine is at wfirk 
undar full load the pole gradually bocome;yieat<-d by the hot air and radiation 
from the armatuje and also by any ('ddy-curreiits in tlie pole faci;, thi.s action 
is to some extenf checked, so tliat an ^r-spacc belwtu-n coil and jwde may 
even become of value. In oriiinary ca.ses tlu* '^xternal surfaiayis at Icilst as 
good, if not a more reliable, giftile to which the c^Kjling effect will !>« 
pmportional. * 
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temperature rises, reache^ a maximum, and again falls, but to a 
lesser degree, as we approach the inner layer next tp the iron of 
the poles, llie, innermost layers thus part with .some of theif heat 
by conduction to the iron of the magnet, so that their temperature 
falls aboht midway between \hat of the outer and that of the hottest 
layer. I'ig. 397 show.s typical readings for the rise of temperature 
along a radial line. passing through the 
centre of the axial length of a field- 
magnet coil, and along an axial line 
passing through the hottest spot. The 
hottest spot in the coij is approximately 
in the centre of the axial length, and about 
three-quarters of the total deptli away from 
the outside, and the maximum tempera- 
ture rise at this spot exceeds the surface 
rise by an amount which is from 50 to 60 
{)er cent, higher than the difference be- 
jtwyen the mean rise and the .surface rise ; 
thus if the temperature ri.se, mea.sured 
by change of resistance, is 20*^ higher than 
the .surface ri.se as measured by a thermo- 
meter, the maximum temperature rise 
will be about 1 J x 20 -= 30° higher than 
the surface rise. I On the average the 
maximum temperature ri.se is about 18 to 
20 jx^r cent. higluT than the mean rise, 
when the inachine is fully loaded. While 
the highest temperature attained has a 
practical bearing upon the durability of 
the insulating materials, tlie mean rise 
throughout the coil has the greatest influ- 
ence upon thi' regulation of the dynamo 
and its gcmeral working, so that heating 
coetheients which give the mean rise have 
fxwhaps the greatest scientific value and 
Oa the other hand, so long as in si)ecifica- 
tions it is 'the risO of the exterior surface as measured by a ther- 
mometer for which a limit is hid down, this mu^t continue to have 
interest for the designer ; also, it remains a rough and ready 
test upon which immediate agreement can be come to between 
purclias'T and manufacturer. Measurement of the mean rise of 
temix'rature by the observed increase of resistance (equation gO?) 
requires great accuracy in the readings of the voltmeter and 

ammeter, sj^nce it is only a diftecence of which use is finally made. 
/ ' 

‘ R. Goldschmidt, Joum. LE.E., Vol. 34, p. 720. 



FiCf. 397. rrmperaturc- 
n.sr along ;i transverse 
.ind a hmgitudin.d 
section through the 
hottest spot of .1 
liel(lni.ign«t 
cod. 

are fnaiucntly adopted. 
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The difference between the hot and col^ resistances being usually 
about 20 percent, of the cold resistance, any error in tlie measure- 
ment^ may lead jto an error five times as large m the inferred 
temperature rise. Moreover, it is not iy frequently the rasi^ that the 
actual cold temperature of the winding is difieunt from that of 
the air, and is not known wyth certainty. 

On an avertige, jx^haps, it may lx* said that the mean ri.se is as 
much as t»o fj times the surface rise, so that, to cal<'ula(<‘ tln' 
latter, the heating cooth<*ient for mean rise must be H'diict'd in this 
proportion. * 

§ 13. The thenyial conductivities of different yiaterialsr— For 

the approxiipate calculation of the l<*mperatvrt‘ of the hottest 
spot in a fteld-magnet coil and for its location, a knowledge (jf the 
heat conductivity of copper and of various insulating materials 
is necessary. ^ For elect ricaUjnirposes this is ('\j)f( ss(Ml as tlie rate 
in watts at which heaPwill pa.ss through a imit cube of ihi' material 
uitder a difference of timijxrature of*l steadily maintained 
between opposing facas, the otluT sideoitf the ( iil)e Ix ing jH-rfi'ctly 
heat -insulated. 

In inch-units, i.e. ])er s(]. pich <>{ ansi, jx r oiu* inch length of 
path and for r C., tlu* thermal ('oiuluctivity in watts is for i()j)per 
k, 9 to 9*(). 

Valuable experitnental data on the transverse ihermal^onduct- 
ivity k( for various insulating materials have bi-eii recorded b^ 
Messrs. Symons and Walker* and by other#. “ They will not here 
be repeated, and for their use th(‘ nsider is referred to Prof. 
Miles Walker’s book on 77/c Sprci/iculion and Prsif^^n of I)ynatn(f- 
electric Macliin(ry, ])p. 2J9 241 (partly repeated in tfie .same 
author’s 77/c Ihagfiosing oj 'frouliles in lilectrical Machines, 
*1)11. 62-67). * 

Solid impregnated coils, owing to higher thernt^d cojidu('ti\'ity of 
the imj^iregnaling mali riaf, may have an inti rnal ( ondiu i ivjty thrc'e 
times tliat of a coil with jilain cotton-covi-red round wire or 1 .J times 
that of a coil with shellacked cotton co^fc*ring. ^ 

,§ 14. Predetermination of temperature-rise of stationary magnet 
^ coils. — It will be evidi'iit that no exatf t’jgure?t^in be given which 
can l3e ajiplied w*lthout consideration of the p^ticulaf conditions 
of the design and Vyye of machine, iflil that the influe.ncf; of pt^ri- 
phcral sjfeed, etc., can to son^^* extent in? takiai into account by 
the use of such curva*| as those of lug. v398, which indicate* 

» Joutn. LE E., Vol. 48, p. 674 fT.. and tabulat'd in Tabk-.s Xlfand >C]II 
of Miles Walker, The Specxpcation and ^esif;n of Dynanio-clectnc Machinery 
(pp 220 and 221), where also is given in Table XIV' (p. 2.'t9) the values specially 
applicable to the case of wire-wmind , 

* See e.specially R. B. Wifliamson. Trans. 4wfr. I.E.E., \*ol. 32, Part I, 
pp. 303 and 405 ; T.S. Taylor, Elfc. Journal, Vol. 16, pp. 526 532 (Bee.. 1919) ; 
aftd Elec. W(^d, Vol. 75, pp. 369-371 (14th IJeb., 1920)r. 

13- (soieriK) 
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approximately the limits which usually occur in practice. The lower 
dotted curve for the mean rise of well ventilated coils iftay ap^oxi- 
niately be expres.^ed in terms of square inches and degrees Centigrade 
144 

ask j j ().q 5 ^ [Jeriphcral speed of the armature 

in fe<;t JUT minute. The mean temperature rise is also affected by 
the anunmt of cotton in coils which are of the same size and otherwise 
alik(;, and is less with a larger size of wire and smalfer amount of 
/:otton. Sjnmt coils are appreciably l)enelited by subdivision into 
sgetions by ventilating spaces ; by their use the mean rise is made 
to aj)]/roach mrre closely to the surface rise, sod hat it may nearly 
coincide with the highest of the curves given in Fig. 398 for the 
surface rise. Such subdivided coils are .slightly detrimental to 
the elticiiMicy of the machine, since, if the intervening gaps 
were tilh^d with co|)|)er, the W'atts W'ould be ^reduced, but 
in a large machine this h^s only a very sinall effect on the total 
efficiemy. 

The mean lise should i)[cherably not exceed 50^ or 90° F., so 
that the maximum temperature at any spot may not exceed about 
90° C. orJ94°F. 


If the })ermis.sible rise of surface temj)erature be taken as aliout 
30° (t., it will be seen tliat from 2 to 2J sejuare inches of cooling 
surface must be alk>wed jut watt with solid coils, and U to 2 with 
(joils \n sections ; or the w'atts jut s(]. incli must not exceed from 
0-5 to 0\10 in the former, or 0-6(i to 0-5 in the latter cas(\ A greater 
rise, although j)erhaj)s admissible in resjuct of the final tem- 
peraturv reached, is seldom advi.sable owing to the difterem e which 
it causes in the excitation ac(‘(*rding to the tinu' during w'hich the 
machine has been at work. If a numiu'r or.se{)arate bobbins are 
revolved at a high ju'iijdieral sjuaui, as in alternators of tlie tyjae 
shown in big Tly a muc h higlier.^atio of >vatts to square inches is 
permissible, owing to the great cooling effect from their rapid 
movement through the air, but this ca.se will again be referred to 
in Chapter XXVIh. 

§ 15. Sources o!^ heat in the armature, and their relative 
importance,- Tluv'inal rise of teinj^iTature in an armature is a, 
much more complex i)robl“m^and this for two reasons. 

In tlie first jdace, it is difi\cult to calculate vvith accuracy the 
rate in watts at which tlu! armatiuo is actually being heated. The 
sources of tl;e heat are threefold, namely ; (1) the loss (jf electrical 
energy due to the pa.ssage of the total current through the armature 
resistance ; (2) eddy currents se' up in the coj^per winding, iind in the 
armature core and teeth ; and (3} the magnetic loss due to hysteresis. 
Tlie drst of' these can be calculated to a close degree of approxi- 
mation, and the tliird fairly closely, but the second loss is very 
largely indeterminate, inasnuch as it is dependent upon a number 




Periptovi iped of anxiAtan in lieet per min 

Fig 398- — Heating coerficient of field-magnet coils. 
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of complex conditions, sftch as the width of the armature con- 
ductors, the proportions of teeth and slots, and thG strength of 
field. 1 

To show how variable is the relative proportion of the three 
losses, Table XIV gives a few results of actual tests made pn 
machines of different construction and size. The figures show also 
that the eddy-current loss is usually of considerable importance, 
and equal to or even greater than the la^Ra h)ss. Were it not 
•■•for this, the current-den.sity in the armature conductors would be a 
more fundamental guide to the necessary dimensions of a machine 
in place of ac fised in Chapter XXIf. The preoautions necessary to 
minimize eddies have been already emphasized in Chapter XIII, 
§§ 4 and 19, but their complete elimination cannot t:te attained, 
and the probable loss due to these must be closely known from 
previous experituice if the rise of temperature of the armature is 
to be predicted with any certainty. 

§ 16. Effect ol peripheral speed. — In the second place, even when 
the rat(' at which heat is developed in the armature is accurately 
known, the rate at which it can be dissipated is most materially 
affected by the s[)eed of rotation, and also by the shape and number 
of the pole-pieces which surround the armature, in so far as they 
allow of or actively pr^/mote a more or less free circulation of the 
air oveV the surfa<re of the winding, 'fhe exact effect of either of 
♦these- causes does not admit of very accurate gt'ueralization, since 
it necessarily varies under different conditions. Mow important a 
.part is played by the peripheral sjHied of a rotating armature in 
increa-Siing its cooling power is at once evidcuit from a comparison 
of the watts which it can dissipate with the watts which a stationary 
field coil can dissipate : their exterior surfaces Ixdng reckoned in 
each cas(! as effective in cooling, if the rotating armature have a 
peripheral speed' of 2(MH) feet i>er minute, it will be found that, 
roughly s|H‘aking, it can dissi])ate at least twice as many watts per 
square im h of cooling surface as the stationary field coil for the 
same rise of temperature.^ If the surface of the armature winding 
be broken up, so ^hat the^air can play upon more than the outer 
face of the cond\^ 'tors, and can reack freely to the core, the cooling 
action is much assisted^ iidluence of eddy-currents 

in the pole-pieces, when thesev latter are not kiminated, reacts upon 
the heating of the armature. It h> therefore impossible to lay down 
any general formula, expressing the coolmg power of a given surface 
af different sjx'eds, which will meet the case of entirely different 
types of machines, and all cuiuJes connecting rise of temperaturc^with 
certain values for the watts p^^r square inch mu^ necessarily be 
only appr^’ximate. 

‘ See est)ecially B. (i. " Iron l^osses in Dir^ct-cutVent Machines," 

Trans. Anttr. I.E.E., Vol. 3v*),*Part 1. p.t-‘261. 
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I 17. The loss over t^e ohmic resistance of the armatme. — 

Considering in detail the three sources of heating in an armature, 
the first, or the; rate of electrical loss over the copper resistance of 
the winding, is entirely independent of the speed, being simply the 
product *of the square of th*c total armature current and the resist- 
ance of the armature from positive to negative brushes, i.e. 
watts. In the process of designing [I dynamo the re^sistance of the 
armature can easily be calculated, and from it, aKcr^ making allow- 
ance for its i Increased Value when hot, the loss in watts due to the 
* jiassage of the normal armature current. It is only necessary to 
remark that if the resistance of an armature fj*om brush to brush 
be actually nfeasured, it will usually be found ‘to be slightly higher 
than the nisistance as calculated from the length and’area of copper 
used, lliis discrepancy is duc' to the inferior conductivity of the 
soldered joints, even when carefully piade. In this respect arma- 
tures wound with former-shaped coils havCr the advantage that in 
them the soldered joints are reduced to a minimum, and need only 
occur at the unions with t^e commutator sectors. 

Owing to the low resistance of a large armature with few bars, 
the most convenient method of measuring its actual value is by 
soldering leading-in strips on to tWo commutator sectors at such 
a distance apart that they divide the winding into two parallel 
paths, passing througli tiiem a known current of considerable 
strength, and nu^asuring the diffenmee ^'f potential between the 
‘points where the current leaves and enters, h'rom the quotient 
obtained by dividing the measured difference of potential by the 
•known current, the resistance of the annatun? can be calculated 
according to the nature of the winding, and the /a^Ra when the 
arnuiture is hot can l)e accurately dett'rminvd. ' 

§ 18. The eddy-current loss as depending on speed.— It is in 
the second or eddy-current loss that most difficulty lies. With a 
given core, ‘ti given winding, aifd a giveii field (magnetic screening 
in iron assumed to be negligible), this loss will be directly propor- 
tional to the scjuqre of tlie speed ; since, if the sjx^ed be increased 
X times, the IC.M.l''. of ai/ eddy will be equally increased, and this 
will increase the c|^’*rent ofithe eddy x times, so that the produeft of 
eddy K.M'F. x t^Ady-currefit will be'incroased times. The rate 
of loss in watts may therOfon* be expressed by si coefficient E multi- 
plied by the square of the .s{x*cd, i.e. by FW**, where N — -revolutions 
per minute, the value of F Ixung different in different annatures and 
being a,’so . dependent upon the particular excitation whkh is normal 
for a given armature. During the process of designing, the value 
of /' must be estimated from tlie coefficients of machines previously 
tested. A brief description of Hhe experimental methods by which 
the eddy-current loss ia a given d>mamo when run at different 
speeds can be measured with considerable acciiracy *will be found 
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in Chapter XXII. §§ 13-15. Two point<^alone require to he further 
mentioned. ^ In the tirst place, the value of the eddy-current 
loss.^is thus determined, includes any eddies set- up in the pole- 
pieces of the magnets by the rotation of the armature. Such 
loss of energy in the pole-pieces will be consiiltTed in §§* 28 29 of 
tifc present chapter, and does not here conc<'rn us. .so that with 
toothed arnuUnres aud solid pole-pieces sonu- deduction may require 
to \)C made frjiun'the t(»tal loss in watts as measured l)y e\])eiiments 
on the machine as a wlnde. In the seccuid place, duving the ex|H’ri- 
ments the distribution of the field is approximately the same as that 
at no-load, and it#has already btrn shown, in Chajiter XIX, that 
this distribution is considerably moditied at full load, lli-ncc, on 
this score ,^the eddy-current loss at full-load may i)e great{*r than th(' 
ex^xaimeiit would show, and wlu-n the results of sue h tests have In-en 
cluM'ked ])y other methods U has bc-en found in practice that tliis 
difference in t!ie distribution of the fu'ld does sc-nsibly increase tlie 
amount of the eddy currents. ^ • 

It is. however, justifiable to assun^i' that the methods above 
alluded to furnish evidence* for dc-termining. at least ajiproximately, 
tlic ('ddy-curreiit loss at full-load. In a|>})lyiiig sue h results to new 
machines, not only must any alteration in the h-ngth and volume* (<f 
the core be taken into account, l)ut, as j)re\'imisly stated, it isecjually 
important to estimate the probable effec ts of alter.ition in yhe value 
of the Ilux-density in tli« air-gap or armature, tin* degree of lamina- 
tion of tin* core, the widtli of the bars, and the tliix density m the 
teeth of slotted armatures. An altc'iation whieli at tirst .siglit migiit 
S'*em unimportant in any oik*, of a innid)er of ionditi<»ns may 
radically aflVet llie amount of the eddy-i urreiits. 

§ 19. Eddy-cnrrenvS in the armature core. The iddy (urrent 
•loss may be divided into (c/) that within the ainiatun* core, (b) that 
in the cop{)er winding, and {() that in the bir^Ung wire on tin; 
circumference of tlie armature. To allocate to these .soui'-es their 
rcsf>ertive shares in the total loss is an extremely diftinilt matter, as 
any change in one of the conditions such|.s can 1 f tried in a practical 
machine produces but a .small change in.tlie tot.d wliich can scarcely 
^be isolated ; yet the combined effect ojall the\)Ss<‘S adds up to an 
amount which .scirtously reduces the possjble output of an armature 
from the heating pryiit of view^ ^ 

Taking them seriatim, wc have hrst tlie armature core with its 
supporting framework aij|d .surrouiidings. The eddy current loss 
produced l)y an alternating field in thin iron plates .sucfi as^re iihod 
in transforniiTS and laminated arryature cores is pnqiortional to 

* In a test on*a .Siemcn*? 1 SOU -kilo w«^t dynamo Iholosw-s drdiKod f^om a 
Hopkinson test showed an increase f)f l.S ptir cent at full*oa<l as com- 
pared with the sum of the no load and PH U»sses [Hlectr. Eng., Vol d2, p. 15). 
Cp. Chap. X;vll, § 17. 
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the square of the maximuiij flux-density and also to the square of the 
thickness (jf the plates, and the same law has been exj)erimentally 
estalilished by Mr. Holden ^ when the held rotates about a stationary 
ariuatur^. or vice versa. Tfie energy consumed in thin plates or 
discs in an alt(;rnating held ])^r cycle and per cubic centimetre of 

iron IS - V joules, where t is the thickness of the 


plates in c(;ntini(rtres, / is the |)c‘riodicity or frequency, and p is the 
. resistivity of tlie iron. I he latter (jiianti'ty may be taken as from 
1 X 10 0) 1-5 X lO "' ohms with wrought iron or thin sheet steel, ^ 
w[ienr(‘ th<‘ I^ss of energy por cycle and per, cubic centimetre is 
approximately 1 -(H.S /X/ . joules. The rate of loss at 
any ftetjtuMK y/ pNf(M) in a total volume of V^. cubic Centimetres 
of iron is thendon^ in an alt»Tnating held 


1045/“./^^;^. r, X 10 watts.'* 

1 he s.ime form of ex|)re.ssion may also be applied to the case of a 
rotating (it'ld, but owing tohlu* lc..M.h.’s being on the whole greater 
in tlie lol.iting held, and the average length of path and its Resistance 
smaller, jhe fust nmiKuic'al constant-RMjuin^s to be increased. For 
( iuulai plates of large diamt‘t('r as compared with their thickness 
the, best appr(»ximationVives for a rotating held^ 
r 

2-78A'/-/V-. r, X 10 ” watts* . . . (209) 

Hut no rigid mathema\i('al solution can lx* givtm, sinc(‘ the numerical 
constant is deptaident to a certain t'xtent upon the distribution of 
the ti('td in tlu* air-gap, and further, as has been pointed out by 
Professor W. M. Thornton, such curv(‘s as those* of Idg. 220 .show 
that betwe<*n li and .1 the flux at one (k'pth may be increasing 
whil(! at anotlua* dt'pth it is di'creasing, .so that tlu* rate of cutting 
lines is not siihply projxationaJi to tluv distance from the centre, 
as it would be if the induction was uniform over any radial section, 
hor the volume of tin; teeth the coelhcient would again be higher. 

When the above formula is worked out, the watts, even in the 
case of a high-spn^d multipolar dymuno, are found to be small in 
comparisou with^her more .serious htvses, and ii| practice the actual 
loss from eddy-currents i« t^e discs would be even smafler, owing 
to any m.ignetic screening Uierein. The reduction ip the eddy 
loss through the increase of re.si.st;fnce when the iron becomes heated 
is about 5 per cent, for each 10" ('. rise ofqemjXTature. ^ 


‘ I'.lntriciau, X'ol. 35. j). 327. ^ 

• For high-n-sistamx' alloys, sor Chap. XIV, § 9. 

• j.'VT Prof. K. \Vils,Mi. Proc. 70. p. 3v59, and EUefr. Eng., Vol. 30 

j*' rrmii, (]89«). Vol 187 A., pp. 715-746. 

t p. also M. H. I*iol 1. “ htlilv Cnrronts in Solul and*. loimi.nated Masses." 
Jottrn. l.E.h , Vol. 33. p. 112^^ (Case 11, p. 1141). 
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It must not, however, be ?3Sumed thjt the loss in the armature 
core as a w^ole is by any means negligible. Tlu' end-fringe from 
the Hanks of tlu; pole-pieces is (piite appreciable, and unless the 
end-plates which clamp together the discs are kept well outside the 
edges of the poles the lines which cfirve round into the cHds of the 
aAnature will set up considerable eddy-currents.^ Then' is too 
a loss from «ach veiitilating*air-duct, wluTein the lints bend into 
the flat surf 4 ce*of the discs at the sides of the duct, .\gain. in 
barrel-wound armatures the cylindrical structuu' ^vhich su])|)()rts 
the end-connexions of the bars shouhl not be a solid .slu'et of nietatr 
but as far as po^^ible should be cut away luar to the armature 
core so as to remove the iron into whieh the liiKV, of the fringe 
might str^iy {cp. Figs. 131. 4(Ky and 414). 

Next, the o[H‘ration of turning the surface of a sm(»oth .ii mature- 
core increases tlu* eddy lossjiy burring over the edges of the discs, 
and retiuiresfo l>e casried out with considerablt' judgiiu'nt. Analo- 
gous to this in a toothed armature con» is tlu' operation of drifting 
or tiling out the slots so as to remove^any roughness or ine(|uality 
of their sidi's. Any such mechanii al treatimmt n'lpuK s t(^ be botli 
lightly and cleanly e\a‘cut<*d with the minimum amount of injury to 
the laminations ; indeed, unless abs«)lutelv iKHessarv, it should lie 
entirely avoided. On this account th(‘ longitudinal grooves on tlu^ 
assembled core are not milled out, and even when the notch's are 
stamjK'd in the discs J)efore a.ssembling, tl)e\ must be‘ ('arefully 
insjx'cted to see that they are free from burrs, by reason of which 
the rough edges of neighbouring di.s<‘s would lx- driven into good 
contact with one another. '^ 'I'he effect of the prt'ssun' witli which 
long annaturi' cores as in large turbo geiu*rators aia? .>v{jui‘(‘/,ed 
together betweeii the end-plati'S is to drivi- tlie burri'd ('dges of 
’ l>unchcd discs into contact with one another, and this may give 
rise to high local temperatures at j)laces when' tlu' ('dges nf the 
laminations are short-circuited. <^|)eci<dly at eaclTt nd of the core^ 
where the applied ])ressure is greatc'st. There may h' an b’.M.b'. 
of as much as 1 volt acting on the short-cir^cnit, and if there is 
only one or a few points of contai t bi^lwTen adjoining jilates, they 
may be raised to incandescence'. yie insuiding iiajx'r is th(‘n 
bunit out, andtthe area (?f the daiTiage exli'nds wttli increased 
iron loss.'* • • 

§ 20. Eddy^ctirrents ia bolti through armature core. H the txxiy of an 
armature core is traverst'd In- a nnmlx'r ol txdts. and these, altliough insulated 
from the (tiscs throuf^h which they pass, are in metallic (.onjiexion with the 

* Cp. Miles Walker, The Diagnosirtf’ Troubles i« Electrical Machines, p, 91 . 

* For the widy loss sjy*dally in the laminated teeth of a Uiothcd core, 
cp. F. E. Meurer, Flcctr. World, Vol.«l9, ^5. 792. 

* B. G. Lammc, Trans. Antc^ I E li , Vol 35, Part I. p * 

• * M. Vijinar, h u M , Vol. 37. pp I and 17. . 
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end plates at cither end of the core, not only is the effective area of the core 
fxruMJiaiJIy n daccd by the prOsencc of the bolts, but there results a conducting 
-system analogous to a .squirrel -cage rotor in an induction mo^r. Each bolt 
becomes the seat of an alternating impressed E.M.F. proportional to tie flux 
wluch it cuts, the*latter depending upon the radial depfh within the core at 
which it is situated ; this E.M.F. of periodicity / == pN/60 will pass through 
zero inidv^ay in the interpolar gaps^ and will have a double-peaked maximum 
Wilder each pole. The re.sistance of the portions of the end-plates co#rc- 
sponding to each holt, and hmmirig part the circuit, will bo low owing to 
their large area, and may be neglected. When the ro;ustancc f)f their contact- 
area with the head of the bolt is al.so neglected, and the specific resistivity of 
wrought iron Indts is takon to be 1 X 1()~^ ohm, tine resistance of each bolt 

« I X lO'* 

•of diameter, if ccntiinctrt^ and length / centimetres is ohms. 

TzarjA 

If the bolts j)a.ss nearly through the centre of the radial depth of the core, 
and .so are comjKetely surrounded by iron, the inductance of each will be so 
liigh as compareil wiUi the above re.sistance that its self-induicd F).M.F. will 
bo nearly equal to its impressed IxiM.F. ; the resultant K.IN^F. will be 
low, and the current will lag l>ehiiid the impres.sed F-.M,F. by .some angle 
apjiroaching 90''. lienee even if the current lxi large, the watts EVf cos (j) 
will lx so small as to be negligible by comparison with othe> more important 
losses. 

Hut this condition also implk s that the .self-iniluccil flux duo to the current 
through llu' boll is almost e<|ual bi the original field which it cuts ; the current, 
lagging nearly 90 electrical degc 'es, readies its maximum magnetizing eflect 
in the centre of each interpolar gap in the position Ix'st calculated to oppose the 
passage? of .dl lines below the lM>lt circle and to concentrate them alxive the 
bolt cirdi'.^ Almost all the Ilux is ilrivi'iirinto tlie outi r layers of the core, 
and only a small peixeiilage is left within the Ixilt circle snfhcient to supply 
the los.s of volts over tlu* ohmic resistance of thi* bolt. I'he area of the core 
is tlq^s in elfeit reduced, afld the current reaches such a magnitude that its 
amp('re-t|f riis in (ombiiiafion with thosi* of the fudd winding are sufheiont 
to drive the flux thriuigli the armature ])ath oV which the permeability is 
ti'dncud by nscson of the density l»eing nearly doubled. The eddy-currents 
in the bolts will supply hatf the total mimlM'r which are ie(|uired, but in order 
to retain the same total tlu.x the field ampere-turns must themselves U.* raised 
4 S compared with the numlK'r which would lx* required ovt'r the armature 
path if tlje bolts were absent. Thus the correlative of the negligible exp<?ndi- 
ture of watts in tiu' Isilts is an appreciable incnsi.se in Vhe lo.ss from eddy- 
currents. and possibly al.so from liystere.sis, in the (Nscs. 

On tliis aeiount eitluT the lx)lts pa.ssing through' tlie Ixxly of the core must' 
be insulated from the end plates, as shown in Fig. 132, or the effective area 
of the ton* miest Uweekoned practically as that Ix'twocn the bottom of the 
slots and the bolt circle. ' 

As tile* bolt circle is brought nearer to the imu'r edge of the discs their 
inductance and magnetizing effect decrea.so. but on the other hand the expt'n- 
diture of watts in the U >lts then^selves increases. If th<? Ixilts are immediately 
under the inner eilge of the discs we approach the condition of a conductor 
lying on the surface ‘d an iron c^re, ami the iiidnctauce of each Ixilt is solbw 
as compared wdth itJ^'sistance^is to lx* ng^ligililc. If for a rough estimate t 
the distributfon of me lines which leak out of the C(»i\' is assurped to be 
sinusoidal, with an average if\du41ion H, the virtuaKl^M.F. of each lx)lt 
would 2-22 {li x {xile jiitch) f .1 i: 10'* - R, the jxMe-pitch being of course 
measured on the inner circumference o.' the discs. The lag of the current 
being negligible, the expenditure of power in each Ixilt is then E^jH, or by 
substitutipn gf the aVxive expre.ssions is 3-9 {fix |K)le- pitch)*/* ' d*l x 10" “ 
watiS. If in practice such a figure as li 100, and a jxilc pitch of 20 centi- 
metres in a multipolar machine of fa^irly large size are a.ssumcd, the loss in each 
bolt of diameter 2-54 centimetres for a frequency of 30 work^ put to 0*9 watts 
|H*r centimetre of its length. The in^rcsl of such a case lies in the fact that 
similar: or larg.*r Io.sses may lx? dtdiited to an armature core supported on a 
central hub, since in effect efich arm of tht hub corresponds to a bolt lying 
immediately under th-* discs. , • 
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I Eddy-onmiits in the coppw winding of annatQi«t.>-(6) 

The origin and nature of the eddy-curfents which occur in solid 
copper conductors embedded in slots during their j)assage through 
the field of a d 5 mamo were first investigated by S. Ottenslcin, ^ 
and from his experiments the following conclusions a«j mainly 
decived. Since the eddies are due to the cliange in the immlxT 
and directioi^ of thejines wilhin the slot as its ]x>sition relatively 
to a pole is aJtcFcd by rotation of the armature, the total loss can 
be divided into two components : (1) due to the rate of alteration of 
a supposed radial field passing straight down the length of a slot*' 
and (2) due to th^ratc of alteration of a supposed transverse fu'ld 
passing straight across the slot. To corres|K)nd wi^h this and to 
isolate each effect separately, the actual field wiihin the slot, what- 
ever its nature, must be resolved into two components at right 
angles, their combination at any moment and at any j)articular 
spot within tlt^ .slot rt^)roducing the actual slanting direction of the 
lines together with their number. The JC.M. f'.’s are at right angles 
to the direction of each component field, and the eddi<‘S are reduced 
by subdivision of the co])j>er into a number of thin strij^s side by 
side in the case of the radial field and into a number of layers in 
the case of the transverse' fuld. • 

The maximum value of either the radial or lie' In tisvers( tlux (li-nsity Will 
Ikj different for each bar within the slot aic.orditiR to its ]iosilion ; Hits the 
former will b(‘ .small near the middle of the slot, greatej at the l)ott^m ilue to 
lines leaking out again fro^i the teeth wIkui luglilv satnraU'd, and greatest 
immediately at the top where the lines enter from Jiie air gap. With normal 
pro]K)rtions of slot the maximum value of the ra^hal tliix density at the to}) 
of the slot IS tw'ico or thrice that of the cross d< ti'<it /, but it very greatly 
diminishes Ixjth from the top and liollom of the slot towards its middle, so 
that its influence on the whole is not so pre}v*nderant , The cross ^'leld does 
not .show nearly .so much difference in its values for the u|>jw'r and lower 
halves of the slot. Also, the surface <'X|X)sed to the cross density is about 
*threc times the wdth of the bar in an armature witl^ narmw d(‘( ]) slots and 
two layers of wanding. Hence in such armatures a further Iransversf* division 
into more than tw'o layers might give % lower total loss ijiSn au e(}ual numlM'r 
of radial subdivisions ; in other wt>rds, four bars ong alx)ve tin; otfu r w'ouhl 
be preferable to two layers of two thinner bars abreast. On the other hand, 
with wide .sliallow slots, radial .sulwli vision intu sc'veral sec tions abreast would 
be the more advantageous, ;ls the radial flux <Vnsily prr}K)nderates. In either 
ci^e, soldering of the bars together at their ends largely milliries all the 
advantage of the division, sri that it is of#little usi^to <livide a tlu( k Ixir 
• into sc'veral laming, in parallel •which are immediate uniUjil uutsicle the 
limits of the core k ^gth. lastly, the of the bars should Ik; ke7)t well 
Ivlow the level of tlA.- yip of tlie slot, whne there is a strong held of curving 
lines : the of hard wood wedges for fecuriiig the bars in a slotted arma- 
ture finds in this an additional recon*mendation. Shading off the fndd at the 
pole-tips, as^by cutting aw’ay^half the pole-lip laminations, is found to produce 
little or no effect on the total loss. * • , 

As an cmpijical approximation, the loss per slot filled with a single solid 
bar with normal insulation from the waits and distance from the top may be 

‘ "Das Nutenfeld in Zahnarmatifren’und die \Virb(;lst|r>mverlwite in 
massiven Armatur-Kupfcrleiten Sammiunf,^ Elektrotcchniicher Vortrdge, 
\(pl. 5 (Ferdiitand l^ke, Stuttgart). , 
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said to be proportional to the depth and width of the slot, and when the con- 
ductor is subdivided, the loss, foughly sjK’aking, varies inversely as the number 
of layers and as the number of conductors abreast, i.e. inversely to their 
product z ~ /fS. ,The two holds co-exist, and as a practical clue to the ctnount 
of either hold within the slot may l)c taken the difference between the uncor- 
rected fluj;-densily at the roots pf the teeth and a fixed flux-density of, say, 
17,000, at which but few' lines spre'id into the slot except at its extreme top. 
The total loss in tlu; .S' slots is so far ^ 

OC S* L (uncorr. - 17,000)», 

The radial held detline^ from a maximum under the centre of the pole to 
,/(“ro on th«‘ neihral line. The transverse held, on the other hand, at least 
.so far as tliV centre of tile slot is concerned, increa.ses from zero at the centre 
of the pole to a maximum at the ])ole-edges. The Jivcrage value of the 
transverse slot l^. ld along the pole pitch is indicated in lug. 398a. It will be 



I'kc 398a. Curve of .iverage valiu' of slot transvaTse held 
t at no-load. 

S(>en that wduai llu* teeth of a ( ontinuous-c urreiit .b inature uiuhn the polo-face 
ire worked with a high density at the root, say, over 2(),()0(). there may be 
a consideralile cross flux Within the slots close to the pole-edge causing eddy- 
currents in .solid conduct«»rs. The amjM're-tiirns over a tooth under the 
polo may Ik' 2000, while an adjacent t<»(»th just Uyvoiid the jxile-tip, with 
onlyn cocuparatively slight falling off in th<' diMisity, may only reipiire [K*rhaps 
400 ampere-turns: tlu-re will tlu'ii be a ditfineiice of magnetic potential 
across the slot of 1000 ampen' turns, ami just as m ^h(‘ case of the rotor of a 
turlx)-alternat<»r. flux wdl lx' shunted transvers« ly from the highly saturated* 
root across th«‘ slot into the less .saturated tooth. Hence near each pole-edge 
the cro.ss flux .'jii ff«x*.s. a rapitl rise and fall, and as the difference in the amjx*re- 
turns of tw'o adjacent teeth may incnxi.se fastiT than the square of the total 
main flux, the loss from the alxtve cause in.iy increase faster than the fourth 
power of the flux jx*r jxile. 

The transverse slot field at no h)ad and the eddy-current loss arising there- 
from in soliil corulm tors has since Ikhmi calculated in cUdail by L. Dreyfus, ‘ 
who has show’ll that tj^'-' eddv currents nsict on the flux-density in the teeth 
and drive tl]^e lines^'tithin the.. slot back Mito the teeth. A check is thus 
automatically ajqilied to their increasing magnitude, and the total coppt*r 
lo.sses do not continu.dly iiu Veas^f- with increasing sh.v depth. Tmler load, 
when the conditcli»rs theinsidves 'arry a normal current, thc' conditions 
N’come even more complex 

An approximate formula for the amount of the loss in watts jx‘r cubic cm. 
of coppt'r in tfie slot has been proposed by Prof. Miles Walker, ahd an actual 
cash has Ix'en anal3’sed, in The /)iag«o.?iNg of Troubles in Electrical Machines, 
pp. 92-95. As a purely empiric.al Wmifla Mr. B. G. Lamme (Traws. Atnef. 

Vol. 35, Part I, p. 272 tf., q.v.) has given for the total effect in a two- 
layer w'inding 

watts 6^.V (tOOO T ATf)H’ x lO"*, 

* Archtv. ftir Elcklrot., Vol. 6. pp. 165 and 327. 
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where p = no. of pairs of poles. N — revs per min., A l\ = maximum 
ampere-turns for one tooth, and V == total voftime of copix'r in cubic inches 
in one slot. * 

Thus in the case §f either the radial or the transverse sl«t fluxes the rate ot 
change or the rise and fall of the field is largely localized in close proximity 
to the pole-tips. An examination of th(^ gf»ttdient of the field as^efXMident 
upon the length of air-gap and of the interix)lar zone shows that with a usual 
raflo of pole-arc to pole-pitch the loss tioes not increase so fast as the diameter 
of the armaturg, and only increases in j>ro{K»rtKm to the Jth power of the air- 
gap ; further, thaUit becomes pn)p«>rtionai to the l ll.Sth ]H)wer of the numlx'r 
of ptdes. The conclusion that the length of Uie aii-ga|i has but little 
effect, although an increase* in it tends to increase the losj, is l)orne out by 

exjx'riment. # , , i* 

In default, therefore, of more eom])lele knowledge, the edily current 
coefficient, which mu:^ l)e multiplied by the ><iuare of the numlK'r of revylutions 
per minute to determine the loss in the bars of a slotted flinatiire may \h\ 
given as * * 

/ *ncorrected ^ />? 

■ V 1000 /'''"■/■ ' 

Under load when the arinatun; is carrying curit'nt, tlie distoi lion 
of the field by armature reaction incrtsiffcs th(! loss, Ihe niiiNimum 
value of either the radial or the tragisvcrsi* lii'M at the trailing 
pole-corner is increased and at the leading j)()li‘- corner is dt'creased, 
so that these two changes largely counterbalance oni' another and 
the loss in the interpolar bars* is but little incn*ased. Ihrt tlu^ iields 
now vary almost continuously under the |)oles, ami the loss in the 
slots under the jioles may In* regarded practically as an eiNiiely 
additional quantity, (^wing to the comple.xitt of the ciinditions, 
neither theory nor experiment has up ty the jireseiit jnftvid^d 
a sim})le means for estimating the loss under load by a ^ 
rational formula. bests \inder short-( ircuit do not hel}) in 
this matter, since there is then practically only a cross tield from 
the armature c*ondr.’Ctors |)resent, and the teeth an* not highly 
.saturated. 

finally, tlie copper bars of a section duriufj' ^tla; period of its 
commutation are traversed by an*alti’rnatiiig thix sell andjnutually 
induced by the armature current and crosMiig the slot froui siile to 
.side. The current is then no longer uniformly^distributed over the 
cross section of a large solid conductor, ^nd since this ellect produces 
a loss proportional to the sipiare of 4he loaikcurrent, it may also 
be derived by a.5suming a Virtual increase in tAe resii'lance of the ^ 
conductor. The-ipnergy lost therc^iy. •alt hough assisting to heat 
the armature, is, however, rathi^r Ufbe consid(;red under the question 
of commutation, being ylosely connected with the ai)j)arent induct- 
ance of tfie section during short-circuit. Vet under’i.oijjmutating 
poles, the ^ars may become scTiously lieated at the periods of 
short-circuit.. 

It is not only along the^active UfigUi of the bars that eddy-cyrrents 
are set up. Where the solid bars projof.t f)eyond the core of the 
toothed a^fnature, or where tjie stranded bars are .siddered to their . 
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end-connectors in the bai-wound drum with evolute connectors, 
the fringes from the flanks of the poles contribute small quota to 
the total loss. • 

(c) The bands of binding wire, especially where soldered together, 
are a further source of loss. On smooth-core armatures they are 
of minor iinj)ortance, but when employed in connexion with toothed 
armatures they may give rise to considerable losses. By the 
use of a material of Jiigh resistivity such losses tan, however, 
be reduced tot an almost ru^gligihle (piantity even in toothed 
armatures.* 

§ 2^ Appregdmate formulae for eddy-current in armatures.-— 

luiough has been ijaid to show the great difficulty ef expressing 
in any simpU; formula the combined effect of the numerou?. variables 
which enter into the ([uestion of the amount of the eddy-current 
, loss. The law which governs any one constituent mayd)e unknown, 
or, if known, the magnitude of its effect may be quite uncertain 
owing to its being dependent upon varying conditions in practice, 
such as the stamping of th(**^discs or filing of the slots. Either of 
two nudhods of treating the subject may l)e adopted. By the 
first the liysteresis and (aldy-current losses in the core and teeth 
of the arniatun; are grouped togetlu^r, and an a])proximatc expres- 
sion for thes(i iron losser,” as they are called, is constructed, which 
shouKl l^iar a reasonal)le relation to the losses exj)erimentally 
measunHl on no-load when the unwound iffiichine is driven in the 
e,^cit(’{l field by an c^lect.’iic motor. To these losses are subseqiumtly 
added an allowance for (;ddy-currents in the copper winding on 
n«-load and on full-load. By the second method, all the eddy- 
current Ihsses proportional to the sipiare of the spged are grouped 
together as a whole, and an approximate '^expression is con- 
structed for tbt‘ co('fficient E, which should, after deduction of 
the pole-face lo^Sr agree with that deduced from an exjx^ri- 
mental tqst on the Kapp-Hopkinson method to be subsequently 
descrilx'd. 

In either case some formula which when applied under changed 
conditions shall give fairly n'liable results is .so necessary to the 
designer that the rohuired {IViiis of ej,xpression must at least be 
tentatively suggested as a starting point for purposes of conaparison, 
even if the constants re<iuire to be afterwards cor'ec'ted as experience 
accumulates. 

The first method is jxjrhaps more suitable for alternators, and 
its d’scusslon is therefore reserved until Chapter XXIX, § 13. The 
second method will here be followed, aJtliough it must be Understood 
that the results of Chapter XXIX are also applicable is 
mutan&h to the continuous-cuiTeitc dynamo, as there explained. 
The problem, therefore, is to construct a formula fo** I\ or the watts 
lost in eddy-currents at one revolution j)er min., which will in some 
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degree differentiate between the different ilocalities of eddy-currents 
and the diffeient causes of the loss of energy by them. The losses 
other lhan those i» the active length of the copixir winding may be 
divided into a portion due to the active length of the iron under 
the poles, and a portion due to theVnd-fringe from the flanks of 
the^oles. The first for a given linear spe(‘d is j)rol>i*l)ly best regarded 
as proportional to tlMi cylindrical surface of tlie core, i.r. to DL, 
since it is largttly clue to the extent of the surface contacts between 
the core laminations caus(*d by mechanical procesiis otmamifacture. 
Indeed, in toothed armatures a good deal eff evidem e •might lx* 
brought to show tli^t this portion of the loss is propc^rtion.il io the 
number of slc^fs, each as causing continuity of surface, or to tluar 
own area oi surface. Next, this loss will vary as the stjuare f)f the 
density on the surface at diffenmt parts of the teeth, yi't since this 
diverges from proportionality to the air-gap density only when 
the apparent density m the teeth lias been j)re,ssed very higli, the 
term Bg^ may be retained approximately. Lastly, it will vary as 
the square of the linear sixed, and tlitfn'fon* for a giviai number 
of revolutions per minute as />-, so tliat it fmally becomes 




In the .second portion due to the end-fring(f may lx* groiyxxf the 
losses in the end-connexions and solid ends of tile bars where they 
project past the core, and the whoh^ is rougl^ly jxoportional tb th^ 
circumference, or to 1). AH the.se loss^'s will be {n-oportional not 


simpily to Bg\ but to (ATg A A J as causing the stray Imeji 
between the pole and the body of the armature core or s1ipj>orts 

of the end-windmg. • Ihey will also vary as the square of the 
« • 
linear sjx:ed, and so become - A’j . N‘^ . 

Tor the toothed armature A*, varies between 4 y lO’^'^ and (\ y. 10'^ \ 
is about 12 X 10'^’, and the fat lor in the last expression 
of the previous section for tlie copper winding k is sm h a value as 
80,X 10"^®, all dimensions being reckoned in im lies, and flux- 
^densities being measured in lines jx*r squjri* centBnetre. An eejuation 
of the form • 


(ATg j AJ\Y 

V im 1 



A I g \ * 1 1 I 

■’looo 



f iincorr. 

{ * 1000 


i)\2 wji 




( 210 ) 


may thus be suggested for the toothed drum. In practical cases the 
first term is by fa r^ the greatejit, the seconcT about 5 per cent, of the 
firit, while i\ie third term nev^*r reaches any appreciable amount 
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until the unconected exceeds 22,000 with fairly narrow slots 
and deep bars in two layers, or 24,000 with four lay^s of shallow 
bars. A wide slot should only be used in coml^ination witk thin 
bars and with low values of Bf 2 - Analysis of numerous experiments 
on tootlied armatures shoWs that the total loss is not far from 
proportional to and when the total measured loss in IfOth 

armatirre and pole-pieces does not rise so rapidly the reason may 
be traced to magnetic screening reducing the ios^ in the poles 
(c/>. §29). , ^ 

In conclusion, it may again be repeated that further direct experi- 
ment in the hiboratory as to the various sour^s of eddy-currents 
and their siippn^ssion is much needed, and the lack of such a firm 
experimental l)asis must be the excuse for the approxiipate nature 
of the formula* which have been above hazarded. In commercial 
work machines can seldom lx* design(^l so as to test^ separately the 
inthience of tlie several varying factors, yet it is only to the more 
complete elimination of cddy-currents that we must look if the 
efficiency and out[)ut of dynamos for a given mass of iron and 
copi)er an; to be appreciably increased in the future. 

§ 23. Hysteresis loss in armatures. — Returning to the third 
source ol heat, or the " magnetic ” loss by hysteresis, the amount 
of power spent in changing the direction of magnetization of the 
corc^ myst be calculated, as explained in Chapter XIV, § 14. In 
the core below the teeth the density and hysteresis loss is greatest 
fn tlie outer layers, 'j'lu^ nominal maximum density when the flux 
is averaged over the whole of a cross section midway between the 
cj)ol(‘s is only about 82 per cent, of the true maximum near the bottom 
of the teeth. But since tlu‘ curve of Fig. 218 for rotating magnetiza- 
tion is based on the nominal maximum B^ averaged over an inter- 
polar cross section, the values of A for otner armatures with thu 
same nominal ^naxima may thence be obtained. The loss in 
the core is then for any given maximum density simply propor- 
tional to the number of C()m})lete cycles })er second, and to the volume 
of the core ; it map thereCure be expressed by a coetficient // multi- 
plied by the number of revolutions per minute, or in terms of the 

.symbols of eciuatioii (97); H ^ h ir^- 1% and HN -- //„. The 

oi) 

cross-magnetization of the ahnature under load here also increases 
the loss as compared with that at no-load. The total volume of 
the teeth must be calculated separately frpin the rest of the armature 
c()r<!, ai\\l hi default of exix'rimental figures strictly applicable to 
tlieir case h must again be b^ken from F'ig. 218, as explain d in 
Chapter XIV, § 14, qu.v. . ,, 

The puncxhing of the slots- in The discs hardens the edges of the 
notches where the iron- is sheared off, and the hysteresis loss is 
thereby as well as by any bending ^or mechanical stress increased 
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as compared with laboratory results oi| plain strips of the same 
quality of irqp. But all such sources of increased loss are practically 
indeterminate. , • 

§ 24. Predetermination of rise of temperature in armatures.— 

Combining the three losses together-, * the total watts expended 
in heating the armature are 

W ^ FW-\- HN . . . . (211) 

• ^ 

and it is the ratio of this to the cooling surface the rotating 
armature that determines its rise of temperatftre. • * 

In estimating tha relative cooling value of any siirfact' tla* f^'iieral 
principle miisj; be To allow approximately for dilh'ri'nces in tlu*ir 
degree of exposure to the outer air, and also foi diltci (Mires in their 
peripheral speed. Thus the end-windings of multijiolar barrel- 
wound armatmes are of moi^' importance than tlu* ((Mitre jiorlion ^ 
of the core wmich is •directly und(M- tlu' poles. Again, in large* 
multipolar armatun'S in which the dis(’s*,ir(‘ supported on the arms 
of a hub, not only is a clear air-spaci* ^%( ured betwiM n th(' interiiid 
circumference of the core and the cylindri( al hub, but the jKTientage 
difference between the jHM'iph<‘ral speeds of tin* in^.i(le and outside 
grows less as the diameter of*the armature is iiu reased.* Idnally, 
the number and width of the radial air-duc^s through tlie armature 
core will exercise' a considerable (‘fl(*('t, and may reijuiii' to ^e ttk(Mi 
into account in the cal(*ilation. It is. how(‘vef, ns('l('ss to adopt 
any great degree of refun'inent in tlu* calc^ilation of the ('(Tilling 
surface owing to the number of s(‘Con(lary conditions winch affi*ct 
the result. Different tyj)es of machiiK'S will najihre dith'renfc 
methods of reckoning the cooling surface, but in g( iK'i al tltt- < iirve 
connecting the hTaliwg c(>elfi('ient with the jx iiplKral speed will 
have the shape of thosc.^ in Tig. .‘TO wIkmi the (ooling surf.K'cs are 
reckoned on sonu' consistent basis. Tract i( al ( xpiMii nce will deter- 
mine a method of calculafing ;i llf’uri* to whi( h tie* c(»oliiig (‘tfec't 
may be regarded as pro{)ortipnal, even th(»Uj'h all the factors which 
enter into it may not In* strictly taken iyto ac<^»unt. i he gi neral 
effect of taking close account of tin.' surfa'c cs (»f the inside of the ('me 
an^ of the air-ducts will merely be t(‘aais(* tlu value which must 
*be assigned to the«coefhcient tvhen the funiatun^ is stationary. 

The two cases mi smooth-core d.'Um' armatures and toothed 
barrel-woifnd multipolars in wdiich the armaturt^ core is wadi 
ventilated by air-ducts at intervals of 4 or 5 inches may, how^cver, 
be distingufshed. In some designs tin; ventilating ducl.4 have Ix'cn 
ma4e so numt'rous and so wdde that the effective length of the iron 
is only twothirds of the gross length of the core. In small machines 
less than 15 inches in diameter, ovv^'ngdo the erjufmed nature of the 
internal apertures into the cea*, the effec\ of such ducts is not so 
marked as largi machines, although they still remain of value 
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when made of considerable width and accompanied by a high 
peripheral speed. On an average the curves given in Fig. 399 have 
l^'en found by tlfe writiT togivt* good results in the.casc of contiifuous- 
current rpultipolar armatures of usual construction up to {Peripheral 
s{)eeds of 4000 feet {)er miniite.^ The value of the heating coefficient 
k X SJW, or the t(an{)(;rature, ri.se in degrees Centigrade 
{>er square inch |)(‘r watt is for barrel-wound toothfcd armatures 


. . wluTe ?• is the i)erii)hural s{X‘ed of the external 

1 1 0 8 (7.71000)* 

surfaei' oi' th»‘ armature in feet per minute, and is the cooling 
surfa('I^‘ in s(juu‘e inches. I'he final maximum /ise of temperature 
of the outsi(l(“ of th(‘ armatun- as measured by thernuuneter is thus 



I he (‘ffect of (h<‘ jHui{iheral speed h.is in many formula- been given 
by a factor of the form 1 [ 0-S (I’/HMK)), l)Ut the use of the first 
j)o\vi'r of tile piaipheral speed appe.irs to uiuK-K-stimate its great 
infhieiu'e..* The ('onstant vahu' when v 0, or the armaturt- is at 
rest, namely. 05, is fowi-r than the average- \alu(' for stationary 
lield/Uiagnet bobbins owing to tlu- lesser thiekiu-ss of the layers 
of eoppih in the armature ; for «iny gix'eigjtyjH' of machine it may 
ha dctc-rmined by measuring the rise of temjH-ratuK- for a given 
number of watts wh(-n tin- armature is place-d in its approjpriate^ 
lield-magiK't and is stationary. 

The. cooling surface to be- usi-d in connexion with the eur\’i'S of 
Idg. 3f)t) is in the e ase- of tootlu-d armatuia-s wj|h l/aire-l winding the 
external cylindrical surface-, pins the inte-.nal cylindrical surfaces 
eif the winding at both ends so far as it jeroje-cts bt-yond the core ; 
the hitter must be- again rediicee’. in {iroportion to its lower s{)eed 
when tlu-re is consiele-rable- elifte-rence between the e-xte-rnal and 
inte-rnal diameters. I he former surface is wlu-n- A, is taken 

from the outer eelge- of the eommutator lug to the extre-me op{>ositc 
end of the armature-, i.c. L I 21^ nearly, riu- latter is apjproxi- 
mately - T) tt/^j . 2/,.. or wlrrn reckoiu-.d as of less value 

in {Pro{)ortie)n to its lower {H'ri'|)heral s{)eed, n . - . 2/^. 

In all cases the e|uestion of the heating of the- commutator must 
Ihp also c^^nsidered in redation to that of tiie- armature. The above 
hgures assume that the temix-rature of the commutator is lo\ver 
than that e)f the armature. Wiifi carbon brushes, however, the final 
tem{x-rature e)f the commutate>r>uiay exexx-d that of the armature. 

* Constants have also Ix-e-n used to suit factor of tt * form (I 4 - ti\ v) 
c/>. J. Fischer- Hinnen; 1/., Vol. 36 (1918), pp. 205 and 2n. ^ 
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Hence the commutator, Vio far from helping to dissipate the 
heat of the armature, positively assists in raising the •temperature 
of the near end by conduction, unless there are long radial 
commutator connexions whi(;h exert a powcrfid fanning action. 

For a peripheral s]X‘cd of 20iV) feet per minute, a rise of 36° C. is 
approximately obtained if the wattij per square inch, WjSc, — 
1-41 to 1\S, or vice versa if S,, 0-71 W to 0-66 IF in^other words, 

about three-(|uarters or two-thirds of a square inch of cooling 
;>urface, as abote re( koned, must be allowed per watt expended over 
the armature. 

It may lientibo remarked that a co(j1 machiv^e is l;)y no means 
necessarily ellicient ; although in most ca.ses these two desirable 
qualities are attaiiu'd by tlu^ same means, still it should be remem- 
bered that, while the etlici(‘ncy is dependent on the ratio of the lost 
watts to the useful outfnit, tin* rise (/ temperature^is determined 
by the ratio which the lost watts l)ear to 'tlie cooling powder of 
the surfaces. 

Finally, with a giviui anhature, since^ the eddy-current loss is 
dependent upon the S(|uare of the revolutions, the amount of current 
that can Ik* tak(m out of it at difh'r^'nt speeds for a fixed rise of 
temperature d{‘|X‘nds largt^ly upon the proportion of the copper 
loss to the (‘ddy loss, am! upon the w'ay in w'hich tin; etfectiveness 
of the cu.oling surfijci; is m()ditied by altiTations of the piTiplicral 

§ 26. Heating o! tb3 commutator. --I'he heating of the com- 
mutator w'ith carbon brushes has an importance second only to 
that of the armature, d'he sources of heat within the commutator 
itself are fourfold, namely - 

(1 ) The lo.ss of energy due to the passage'. (,d \he armature current 
over the contact resistance, of the brushes, this current being 
assumed to be divided betwxH'U ^he several sets «>f brushes of the 
same sign and between tlu' portions of any one brush in strict 
proportion to their are.is ; i.e. on the supposition of a uniform 
current -density und(r the b|ushes. 

(2) The additional lo.ss due to the unequal division of the current 
over the surface of the brush (^mtact , aqd to sparking if commutation 
is not projXTly jxrformed, Apart from " additional currents, 
unequal distribution of the current between the bnishes on one 
arm quickly arises, due to sligkt differences in their pressures or 
in the state of their surfaces ; for the .drop over the, contact- 
resistance?, a's has been shown in Chapter XX, does not vary in 
proportion to the current-density, even with the same pressure; 

(3) The loss from the mechankal friction of the hra.shes. 

(4) 'And till' loss from eddy-ctirr&ts in the sectors which are at any 
moment carrying the arrtiature currefit and the !idjac<;*nt sectors. 
As the current flows along the stators wiiich are undergoing 
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commutation, and is gradually tapped foff into the brushes, these 
sectors are practically situated in a stationary magnetic field, while 
they •themselves ^re moving forwards. Kddy-ciirrents ;ire thereby 
set up in the mass of the copjx;r plates forming the commutator. 

With carbon brushes the great i!;crease which is po.vsi1)]e in the 
first and second items renders it imperatixe for the designer to 
consider carefully the heatidg due to the combined effect of the 
four causes, ,;ind this is especially the case in machines of low 
voltage and large current. , 

§ Calculation of commutator losses. I he commutator losses* 
are calculated as« follows ; (1) Let /)j ^ the number of rows of 
brushes of one polarity ; tlien, assuming that the total armature 
current is ecpially divided between tla ni, tlie avi'rage current- 


density is Sy = — , and the current to be collec ted at one row 

/ mPi ■ 

^ a 

r- 

Pi • 

In the absence of complete data a^^ to tlu' shai>e of the .short- 
circuit current curve, the virtual current-density and the form 
factor, must bo taken from the curves of Chaj)ter XX, § 10, on 
the assumption of a uniforiii current-density corresponding to 


— where /j, is tlie length of the b-u.sli suihice in oiuj row 

Pi 

measured parallel to ihctiixis of notation, and is tli(.‘ widtli of con- 
tact in the direction of rotation. Ihe total loss of watts over the 
two .sets of brushes is then 


21 ,' 


' hhK 


(213) 


- , Ky , Ky . , 

where - is the resistance of one row, and ^ is the n'sistance 

of the />j rows of one polarity. In*the bijxdar machine or the wave- 
wound machine with two sets of brushes, 1 ; in the laji-wound 
multipolar there must l>e as many sets of biu.sh(*> as there are jioles, 
and />! =- p, but in the wave-wimnd multipolar, even though there 
are several rows of brushes of one p»)larity,*some rows may be 
* omitted, and p^ nf‘ed not be equal to p. * 

(2) The additional lo.ss due to w^nt*of uniformity of current- 
density cannot reach any great amount with cop[x,‘r brushes owing 
to the sparking that would result, but with <‘aibon brushes it may 
form a very considerable item without evident overhdiitiig ofjhe 
brirsh edges.* Since the incTca.se (lyjK'nds upon the square of the 
form factor, itjnay easily amount to 30 jxt cent, of the normal loss, 
or in extreme cases may double -The advantage yf carbon in 
reducing the sparking is, in fact, securev.1 at the expense of the 
efficiency o{ the machine. 
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(3) If p be the pressure on the bnishes in lb. per sq. inch, and 
a be the total area of surface of all the brushes on the*:nachine, the 
total pressure is* P pa, and the loss in watts from the mechfinical 
friction is 

^ ^ 

where v,! is the peripheral speed in ft. per min., and ft is the 
coefficient of friction. ‘ 

' With low v’oltaf^es ..(when the brush surface is large as in electro- 
plating machines) and with high speeds, the brush friction loss may 
be a very apj)!*.\'iable percentage of the useful output of the dynamo, 
and may e.xceed the loss under (1). 

'flu* exlKlUstiv(^ experiments of J. Liska’ on dry and oiled bronze 
rings and copper commutators with brushes of many kinds show 
great divergences bed ween bruslws of efifferenf.materilils and entirely 
dissimilar lierhaviour under varying conelitions of pressure, sjx^cd, 
temperature, current density, anei current direction. It can only 
be‘ said that the coefficieuit of friction increases with increasing 
pre!.ssure and em a commutator diminishes with increasing .speed 
owing to.tlu' mechanical vibration ehie to the passage of the mica 
and copper strips.- Assuming /> IJ to 2 lb., average values for 
}i f<^'' rough calculatioifs will be - 
o 

Hard earlMni . . 0-4 (al SOO ft. ]H‘r min.) tA 0 2 (at .MOOO ft jhm’ min.) 

irh'rtAiKraidntir . o a.S ( 1000 0-2 ( 5000 ,, ) 

Soft Jiraphitn: . 0-2 (^.,2000 ),.()• 15 (., 0000 ,, ) 

('(ippor tX graphite 

' mixed . . . 0-28 ( ,. 500 015 (,, 4000 ,, ) 

('oplX'i guiz(‘ . 0 8 tti 0.2 

The coetliciemt of friction on a perfectly smooth bron7X‘ ring is 
higher, and both on the ring and on the ('oinnnitator is, as a ruh', 
much rediK'cd by'a little lubricating oil •* 

(4) IX'hihte e.\|H'riinents as to the magnitude of the fourth loss 

from eddy-currents are wanting, but probably they are but small, 
although increasing with 'increased thickness of the commutator 
plates. , ^ * 

^ I' I 

' Arbeit^n aus Ufm I'.Uhtrota huischen Institut su Karlsruhe", Val. 1, p. 48. 
Cf>. also Truf. K. (i. Haily and %lr. W. S. H. ('leiftiorne, Journ. I.E.E., 
Vol. 88. p. 157. 

• Conlirme'd also hy Mr. P. Hunter Brown, Journ. Vol. 57, p. 195. 

At high s^H'cds the lower friction is probably ‘due to the contact being in 
fact inte/mittent to some degree ; intermittently therefore a thin air-film 
intervenes tn'tween brush ami coin|Tiutator. 

* The pajx'r of Prof. I4aily and Mr Cleghorne eiuoted in ix previous note 
also shows that the application of a sni»dl amount of paraffin wax as a lubricant 
reduces the iV>efhcient of friction of a den:^ elc'ctrographitic brush (Le 
Carbone X) by 80 ivr ceiA.. i.e. to 0 09' without inafeasing the electrical 
losses. But the lubricant must U‘ very sparingly used {cp. Chap* XXllI.fd). 
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§ 27, Temperature rise of commutatoi^— The ris^^ of temperature 
of the comgiutator surface should preferably not exceed 70° 1'., 
or asia maximury may be allowed by the British, Standardisation 
Rules to reach 90° F. (50° C.) in continuous running at fnlMuad. 
It may be calculated by a formub similar in its constftiction to 
that for the rotating armature. Tlie constant of tlie numerator 
which deteriuines the.rise per^vatt per sq. inch wlien the commiitator 
is at rest is lojvei*than in the armature, owing to tlu' l)elter exposure 
of the former to the air. On the other h.iiid, owinj^ to its smooth 
surface, the intluence of the jx^ri])heral specul is not so marked 
in the case of ar^iatures, 'although still consideralili* if tliere are 
separate connectors to the armature winding. If 1]' the total 
watts expended over the commutator, and tlu' cooling surfaia- he 
reckoned in sq. inches as the external cylindric al surface* /)/;fS the 
area of one side of tin; radial connectors up to a limiting ku'igth of, 
say, 3" from tlie commutator surface 



where v/ is the peripheral speed of the commutator in ft. per 
minute. 

Any such formula is^ however, liable to mciiy disturbing con- 
ditions, among which i‘.sj)ecial importance must In* gi\'en to the 
number and shajie of the connexions which iead from the armature 
vinding to the sectors. If these are numerous, and are tliin hut 
wide blades of cojiper, th(;y have a powerful fanning action, which 
very greatly asSi.>ts in dissipating the heat of both tlu* commutator 
.•and the armature. 

A cool commutator is of gre^at as.sist.mce in any ense of difficult 
commutation, and on this accri^int tlu* c'ommiftation of tiirho- 
generators is much improved by special im'ans tor ventilaiion both 
inside and outside* the comnhitator ; an instance is found in Sic*mens’ 
commutator for turbo generators, whit^i is divuled into two halves 
iftiited by copper radial l)lades thjjt serxyj also as fans (Brit. 
Patent No. 19891 (1908)). • 

§ 28. Eddy-curr3nts in pole-pieceft.--^here remains the ipiestion 
of cddy-carrents as set up in the pol -piec es when a rotating toothed 
armature caii.ses the density (A the held over their bored face to 
vary rhyfhmically, Sii^h currents do not spread tp ^ny great 
depth within the metal ma.ss, but whirl round near the .suiTace 
facing the armature. One complete cycle of varying flux-den.sity 
at any spot corresponds to the passage of one tooth and one slot 
past a fixed point on the pole-face ; or,^ in other wdtds, a period 
oorrespom^s to tlie time taken the armature, in moving through 
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the pitch of the teeth ft f= + w.^) (cp. Figs. 481, 482). If S 

jV « 

the total mimbcf of slots, the periodicity . S. If th% local 

paths ha^ no inductance, the currents would run along the pole-face 
opposite to each projecting tooth, and then dividing would curve 
round to complete their circuit opposite the slots. Owing, however, 
to the action of the inductance wliich causes the c'lirrent to lag 
behind the impressed .I’l.M.h'., the positions of the eddies are dis- 
placed relatively to the te(;th ; if the rcabtance (27r/'^j were very 
high, or the resistaiicb very low, llic angle of lag would approach a 
cpiartvr of a i^eriod, so that the currents would' embrace the teeth 
and openings of the slots. The M.M.F. of the eddy-ffurrent would 
then act to reduce; the density opposite the teeth, andtlo raise it 
opposite to the slots, d'hus by the effect of magnetic screening 
the distribution is rend(Ted more uni-form, and tho*eddy-currents 
are prevented by their own inductance frolii reaching any great 
amount. 

r 

Thore is, however, a difference Ix'tween the two cases of a solid and of a 
laminated |>ole-j»ie<'e. In the foriru'r case the grc'ater part of the ])ath of the 
eddy curreiits is liMif-itmlinal or aloiiR the 'axial length of the armature core 
(lag, 4(M) (<;) ). and currents in such paths lessen the penetration of the flux- 
density variation into the ^oledace. In the latter case, the gnater part of 
the e#!dy current path is ( irciimh'reiitial (Fig, 400 (h) ), and such circumfer- 
ential curK-nts lessen the penetration of tlu' tlux variation at thi* sides of the 
laminations as comp.ired with tlu'ir central porhons. * The llu.x variation, 
tlferefAre, penetrates monylee]>ly into the laminated pole, although in either 
case it extimds over a very small d(-pth of iron. 

In a .solid poh*. th<‘ iMldy-i urrents flow longitudinally across the pole through 
c* stri]) of width <‘(|ual tt» a ([uarti'r of tlu' tooth-jiitch or f,;'4 centimetres, 
and complete their i.iiemt hy returning through anothiT adjacent strip of 
the same wiilth (l-'ig. 40<l(»). The maximum range pf infaiction on the pole 
face Ix'ing from to the maximum F. acting round the edges, 

of the circuit corresponding to half the tooth-pitch iscC ' 

the one edge isoc i d is also proportional to the sjieod of tUe 

moving teeth, i.c. U**'tiie peripheral s|?,-‘ed v of, the armature -- Tr/>iV/6() cm. 
|K’r sec., ayd to tlu' length I f of tin- jiole-piecc axially in cm. The maximum 
h^M.I'. down one .strip is therefore 

r X 10 -''volts 

< I 

Now the anY>unt of the eddy-e*irrent loss Veixmds es.seYtially on the nature « 
of the curve of the non-uniform flux-ilensity, and as a first approximation 
let the variation lx? a.ssumed toTx* linusoidal, .so that it^gradually diminishes 
after a sine law to zero midway Ix'Uveen the two outer edges of our circuit. 
The loss of [X)wer in any elementary stiip is jirojxirtional to the .square of 
the F..M.F, dividetl by its re.sistanc<\ and the average value of the squares 
of the ordii^atge of a sine curve is half the square of its ma.ximum value. The 


^ Messrs, .\dams, lanier, Poix‘, and Schoolcy, " Po^^-face losses,” 
Tra»s. Amtr. I K E., Vol. 28, Part II,’,j^p. 1133, where the different effect of 
the loMgitudiu.d (axial) and the circumferential (tangential) currents is 
emphasized by calling the fosmer *' dumpinv, ” and the ^tter ” screening ” 
currents. 
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resistance of the single strip h^a distance h cm. within the pole-piece (Fig. 401) 
is -i'lP. where p is the resistivity in ohms of a cm. cube of ‘he material of 

lly . h' ^ I 

which the pole-piecc is composed ; the resistance of the tad or circumftrrential 
pfjrlions of circuit may lx- entirely neglected as compared with that of 
the axial R^ngths. With sinusoi'la) variation the loss of power in the one strip 
is therefore in watts ^ 

^ / 1()-18 





h'lc;. 4(M.- I'.ddy loss in pole-pi('ces. 


and as there are ‘ strips in the width of the poU*, wliere^ A is the pole-width 
in cm., the total loss in the pole for tin* depth It i^; 


Al.fh U-ing the volinue of the portion inuh'r consideration (log. 401). 
C)r per S(|. cm. of pole hut' tlu' loss for the dc'pth It is 


A still closer ap])ro\imation i^Xay be ma(\j; by again returning to the actual^ 
curve of disti^ilmtifin and drawing through it a straightliiu^'(shown in Kig. 401, ii) 
corresponding to the ave.agc vi-liu* of The actual flux may then lx; 

regarded as jiroduced bv an alternating flux su}K*rposed upon ^he straight 
line. This alternating flux may w n-placeil by an eijmvalent sine wave 
(Fig. 401. iii) having the same virtual value if,., and giving a certain maximum 
value IV whi/h is not ipnte the same as \ (A„,ox" ^mo.) ^ 

must then Ix' substituteil in the previous expression for 

Since t- may also Ix' expressed as 5 ~ /,. the loss per sq. ci;\ of ^xile-face in 
the layer of thickness h cm. is thus 


W- watts. 
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Since the eddy-currents curve round in the i|ass of the pole, and es|X‘dally 
at the ends of the pole-face, they may Ix' partially reduced by axial slits along 
the pole-face, ^he thickness of the sulxfivisions Iving les> than i/, ; but any 
such Jblxlivision cai^not be so effective as the nutre usual plan ol lauunating 
the pole in a direction at right angles to the axis of rtitatinn just as the arma- 
ture core is itself laminated. Considering single thin l.uuiuatioi, troin the 
proportions of the lamination all longitudinal, i.c. axial, resistame to tlu' actual 
circulatory currents as they cross the lamina may be lu glei ted in comparison 
with the circu Inferential resi.stanc^ down one side and up the otlu r. On tins 
assumption the h'.Jl.F.'s generated axially give inum'diately without deduc 
tion the P.D.’s corresponding to the circuiutereutial comjMments ol tin* at tnal 
current, i.e. to the varying.! urrents u/e;jg tlu* strips, tltrongh whu h alone 
energy is lost and which alone need to lx* considmed. l lie lentral axis of* 
the lamina Ixdng an equi potential line and In'ing regarded as at zero potential, 



•Ihe potential at any point Q (Fig. fti'i) along a tliin axi.d strij), of length 
' -im. reckoned from th<' centre line, at ting as tin- \. M !'. gi neiatuig element, 
is proportional to its length x and dependent on its ^itiiat t^i i iit umfereiit lally, 
i.e. relatively to the sinusoiilal curve oT //' .is lixi tl by llii' atiglf »; At any 
point Q therefore the potential ^is 

.S’^ sin n - in '* 

bO 

Now taking a thin lamin.a within the origin.#! lainiii.^fi‘in. distant x (in. from 
^ the centre line, of w»lth dx and #ith one ofTts ends lt.< attd on»t lu line along 
wliich the flux-density^ has its normal value, ^he ^spanal r.ite of ( haiige of J’, 
in the circumferential (^irecti*)!! along the lamina is 

9 

S ir. 2n:jr . cos a . HF’* 


This is also the produc t of the circuinierential current density A at any 
]x>int Q X the#icsistivity p , and the jvatts jmt unit volume A*/) The 
watts at the point in question, <»r A*/^ ^ »«fimtesimal vohime, are then 

^5 (ir)* 4tT*A'* . cos* a y. ~ X 
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luminal, „n, being - . and the integraiy cgji „ , betwiln the 

^ m 


- J’ 

ness o/ one 

f 


limits u = 0 ami a beine " tm i e 

2 , the loss ,n the thickness of one lamination 

and „. a length corresponding to a quarter o'f the tooth-pitch is 


^ tt /‘ A 

•4 ■« 


N y 
60 / 


{urt. 


. - X 

p 


lO-ie 


Multiittying 1,,, I, n,,„,^^ 

iV --ante 1.11 a h^ 

. 10 - 

tile loss per sq. cm.' of’'|'ok'"lac'e ,.! alternating field ; and 

' ,0- watts 

ao that thi.e, lector the tooth-pitch 1, as <lisap,.ared. 

w jmnf - me mst lormu.a 

tfie Wiftts. U'ing /, a. Japxlly ‘X'i:onics more uniform anrJ 

stoi f the 

* (lepth of the fluctuations, aiul the* U’luesTk r ‘^Ititermino the 

sitTiM^in’* ^ "‘V* Javer 'wOh ^ assigned to 

‘‘l’l‘‘«iHin t,f tet.th, as in practical cas. s iV ^ 

a Ung currents set up horn 5(HM< ">(S Xe ^ of the alter- 

HSHriESESfiSSSSSBS 

the case with solid pjle pieces to wlii. h i “"'i'''' I'-Sn-cially ii th . 

more nearly analogous. 1 ,, siicl, •, |,r !il I “ "'■‘S''utic brake tecomcs 

■yroducNig eildy currents l "Ork is e.xpendm 

■nergy absorU-d is pro,s,rtiona to wtt l '<>« or the 

It. 

-U', 

The complex cHca?*fif*”“^ql, ^ P®>e-I!i«e« with damping — ' 

elementary ireatnient.if the sub ect« b.of‘^'^ ** accZt m an 

yan elecfroavagnetic wave ot “hlghTr^ 

l&Octfmar, £.r.z., Vo1.2I,p/.947.8. ‘ .. ‘‘‘' 

• ^'e r;: <■««» p- •’«■ 

and also to K. IWdenberg, E.T Z. ‘(23.!d“U •'**«*)• P- ^ : 
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surface of a metal. The resulting formula is |hen that the loss per squam 
centimetre of a pole-face in watts * is 


where B' is recltonqcl at “the surface, / is tlie fn'cjuency, tlie wave length or 
tooth-pitch /j is in centimetres, ami li is the resistivity of a CfUitimetre cnlx* 
of the metal in absohite electijoinagnelic units. The high electrical resistivity 
of cast iron is therefore decidedly advantageous in rediicin/f the eddy loss, 
but since both /i and If apjrear together in thi* denomTnator, the gain is partly 
counterbalanced by tlM* low jx'rnu'abihty when the density of the flu.v^it the 
pole-face is high. Since the variation of the Hn.v-density is ftever vi'ry high 
at the surface, /^may tie taken as corn'sjionding to thi* mean air gaj) density. 
The thickneitj of the layer by which the fluctuation is damped to 1 per cent. 


of its amount at the surface is now h 


()-7.S 



anil is thus very sniall. 


I'urther, the loss beeom(‘S«|)r<q)ortional to the l-5th power insti'ad of to the 
square of the freipienc.y. The e.xperiments of#Messrs. T. 1'. Wall and S. 1*. 


Smith * confirm the term ^ .S’ whii h is hifte adopti'd. 

Tlu; chief difficulty remains in the term (/iV,)*, t c. esjx'cially in the value 
to 1)0 a.ssigned to the amplitude of^the variation of the induction, B', at the 
siirfaciv Since the formula jiresupjioses a sinusoidal wave, thci flu.x curve 
at the pole-face must Ik' resolved into its fundamental and harmonics, and 
the loss from each added togetlu-r to obtain Ihi^ 1#)tal loss, i < . tlie ajuxvcdent 
sinusoidal wave must Ik* found, and the amplituih* of this ex]>resseiljn tiTin.s 
of the normal as 1<B^ can^hen Iw* inserted instisid of*y>'. 1 he viuucs of h 

will (hqx'nd u})on the ratios to, ,7, and as a very (omplex function* bu% 
the actual tlux-distnbution curves obtained by l>n» 1. 1’. Wall'* have liecn 
analysed by Mt'ssrs. Adams, Lanier, Topi', and Sdioolcy,^ and for a particular 
value of viz. O-S, which is not gr<‘atly diifenuit from avi.'rage jiractii.e,^ 

lh(‘ value of A was thus determined tor ditierent vahn s o( 'l^i' curve 

of A* in relation obtained is in its lower part uj) to (> fairly well 

expres.sed as A* - y 10 *. and experiment approximately conhrmed 

tkis. For larger values of i#,//,. A* will lx* largiT, for smaller values smaller. 

’ he above average expression for A* mav lx- chei ked in another way, viz. 
by means of an expression for which must afterwards 

l)c again derived an ajijiroximauon lor B'. ,\uoiding to the formula of Mr. 
Carter, ^ 



^ The same formula in a ililferent form and its establishim^t are given 
by Mr. F. W. Carter, " Fole-face I>osses," Jnuru. I E E , Vol. S-f, p. 170, 
eq. fCO). 

* Electr., Vol. p. 568 ; and Journ. I^.E.E., Vol, 40, p. 577. 

» Joum. LE E., Vol. 40, p. ^55 ff. • . ^ 

« Tfans. Axner. I.E.E., Vol. 28, 2'art II. p. 113.T 
‘ Journ. El^.E,. Vof 34, p. 49; and Vol. 54, p. 168, </u 
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where K has the same mdining as in Chapter XVf, §7. If a line 
he drawn from the edge of a tooth to a point on the pole-face opposite 
the centre of a slot, and if this line makes an angle a with the surface 
of the ]M)le-face,' the same result may be more sk.nply express^ ^ as 

- sir «. This agrees vei^v well with the experimental values which 

can”f)e deduce*! from the curves of Dr. T. F. Wall and Mr. Matthews,* and 
in normal ( as(‘S gives figures of about 0-2 /J„ on an average. If the curves of 
flux di.stribution on the pole-face were strictly sinusoidal, ^ 
alKJve t.alculated, could lx* at once substituted for B' , and when the ratio of 
slot *)i)emng to air gap i.*# not very large or very small, the curves of flux 
di.stribution areein fact more or less sinusoidal, csj^ecidly if the slots are 
^slightly (A’erhung. • 

Fig, 4().'D indicates (u) how with a long air-gap (M25 in.) the density 
variatihn gradually dies away as the unslotted pole-face is approached, and 
(h) how for the same air-gaj) (J in.) as the excitation is increased the depth 
of the slot (leprr-ssions, tr. the value of increases. 

Between the limits of 2-5 and 5, and with 0 5, or w, 

le,, the values <lednced from the aU)vo fortnula for ( ) agree 

closely vvith the expression ( p ) ' Bl ^ and the flux curves are 

nearly sinusoidal about a vafue for wjl^j al)otit 3. The .same formula 
may therefore Im* tentatively i|s<*d to discover A* for other values of wjt^ 

hut with the proviso that for values of iC;, 7,^ lower than 2-5 

is confe.s.sedly too low and must be gradually im r<'ased until it is doubled for 
wjl 1. * In lh<* op|Misite direction when ?e.,/7j^ is large, the flu.x < urve is 
flatter above ('aih tooth with pointed depressions betwi'en the teeth, so that 
^ I onsidcralA’ greater than the arithmetical average* value of 

the 'p'llsii^mg tlu\. Vet the shape of the curve yields suc h harmonics that 
its form (actor is vf’ry high; in other wonts the virtual value is even 
increaced, and tin* amplitude of the <'i|uivalent sinusoidal wave B' is actually 
again high(*r than value ! ^ must there- 
fore again be iiicreasecl when * 5 to obtain although not so 

* yi'i^'h as in the opposite* dire'ction. 

Wile'll iCj /, IS small, the same effect takes place* l*'or a given value of 
wjt , as the tooth pitch is ineTe*a.se*d. the zones of iron through which the 
cunvnts flow past the* slots bee'oine smalt as comparr l wVth the width of the 
teeth ove*r winch the induction is practically unifoirn, so that the eddy enrrent 
loss over the' pole face as a whole* might lx* but small. 'Ihe* formula take.s 
this into account. (jUUe* for a given armature on ineTe*asing /, although tTiic 
product of /,* with itself incre'ase*s,*‘yet the* number e»f slots and freepiency 
are rediuFtl. Ihe lo.ss is. howeve'r, prolvibiy then unel(*re*stimate.'d. so that 
when /, 'irca. it is ])erhaps Ix'tter to assume* Hie* flux curve to In* made up of 
depressions opjiosite' slot in length eejual to 2 (e 3 with the crests joined 

by straight line's of le*ifgth (/j ?.'»',) e»ver which holds. We then have 

to consider only of'ihe totaV p»de face, but the freejiieiicy is dicreasc'd to 

S' li- and in' place of the wave length /. we have' the short t'lied wave- 

HO 211*3* -* i. < 

‘ F, M. KcH'terink, Anha' fiir FJt)<tro((<:h}tik, Vol, 7, p. 305. 

• fotmt. I B B.. Vol. 40, p 572. 

.Basedroii* I'igs. 10. 0, and 8 of the paper by F. S. Dellenliaugh, Jr., on 
'• A Dire-ct Ke'cording Method of Measuring Magnetic Flux Distribution ” 
{Jonrn. Atm r. IBB (June. 1920). Vol. 39. p 583), The deinsity in the air-gap 
was measureil bv a rapiilly rotatetj long thin search ctpl or armature 
0*22 in. diameter with 4 slots and 4-paVt commutator, which could be inserted 
in the air-gap'* Owing to the circumstances d* the test the flux as experi- 
mentallv determined was not (juite symmetlic.al about thf centre of the pole ; 
the want of symmetry has therefore been empirically corrected ip Fig. 403. 
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• • 

This expression in contrast to the expn-isunis first ohtaincfl ^(ive.s actually 
too low values im the loss with s<>1k1 jx>V* pieces ; broadly speaking, its form 
is probably based upon correct principics, but the constant nyist 1 h‘ raised 

■ . j * *» 

‘ Cp. O. S.^ragstad and A. Fraenckel, Electr., Vol. 6^, p. 967. 
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to as much as 10 if the valuer given below for R are used, so that for solid 
pole-pieces wc finally have 


10(Sg-„) 7i^Xl0-a 


/ /H \^ / w fi* 

f <s — 1 ( \ \ * — 

V‘ 60 / \ fooo / \lgj \^Rn 


10"< watts per sq. cm. . (2^5) 


The ex{X)ri mental results which have been published have not contained 
any measurements of R and /<. although the proportionality or otherwise to 
1 . 

»""rrr could be rtiore easily checked than the other factors. 

\/Rfi 

There is no reason to suppose that the true loss by eddies in the pole-faces 
increasi's faster ^han the square of the flux-density if the same i^ermeability 
could Ih) maintained. The higher powers of 21 and 2-2 obtained experi- 
mentally by Messrs. Wall and Smith are to b(‘ a.scrilx'd to the variation of fi, 
while the still higher jww'er <»f 2-S obtained e.\]x riincnlally by Messrs. Adams. 
I^anier, Pop<', ami Schooley was prol)ably in part due to increase in eddy- 
currents in the conductors within the slots I't the higher densities. 

Com]>aris<tn lahwcs n the two formular given in f 28 shows that the watts 

1 *645 If* 

in the laminated pole should sla'nd to those of the solid pole^ as — •— r — to ~~ * 

P' ^ P 

i.e. the watts of the solid ])ole imist for the same material lx; multiplied by a 
rt* P P 

reducing factor -r-— - ib29--,and the sp('cific resistance of the laminated 

.> i a 

pole is as it were inrreas(‘d to a value times its real value. But if 

root of the specific resistance is 
material must itself lx* taken as 


,tho inverse ])roporliou;dity tf* tlu' S(p»are 
adopted, the rmlucing fact(..' for the .saim; 


/:h29, 
«Y " / i 


29P t 

or 1-81 

* I 


F.x|K*ritneut. however, (learly shows that (‘V('n this lower value magnifies 
far too much tlu* etfect of laminating. Jhit, as aln'ady mentiom'd, the i)ulsat- 
itig Ilux penetrates more deeply into the laminated poh‘, and the screening 
currents therein have also the .s(‘comlary effect of in( reasing the hystcre.sis 
loss,* to which causes the reduced effis tiv<-ness of the lani'.nations is probably 
to be attributed. A Indter practical approxim.dion is then'fore given by 

the purely empirical factor 1-6/y^- . A further effect of lamination appears 


to be a reduction in the e\p<ineut of the ratio wjl^, .so that according to the 
experiments of the Ameriian invest igsttors it Imm-ouk'S about for 

laminations 0T52 em. Biiek and ** if 0 0356 cm. thick. 

Combining these re'-'nlts witlVequation (215), the effect of the tooth-pitch 
does not entirely disaj'pear in the laminated pole, and wo have e.g. for discs 
0-0356 cm. thick 


1-6 


( A \c» /«- \' at / w \a .. 

" (/r) {-urn) X '0- 

„ 0-2 (s Y ’ ” X .0- 

\ \ 60./ \l J V 1000 / \'Rn ” * ' 


* The same ratio also results frc.in the expressions given by Mr. Carter 
(Journ. LE E.. Vol. 54. p. 170), viz., .that the ratio of the witts pt^r sq. cm. 

with laminate^.' pole-shoes to those with solid ^des is as ~ ^ 

• See F. W. Carter.rp. 170, loc. cit. 
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In the same way are calculated the other expressions given in the following 
Table. » • 


Thus the expression here adopted for the loss b\' tnldy currents in solid 
pole -pieces is * 



(-M5) 


wh«^e ti is the tooth-pitch in cm., and is the resistivity <»! a centimetre 
cube of the irc^i or st«‘eljn absolute eh'ctro magnetic units, ».c. I\ p x ld» 
where p is the resistivity in ohms. For wrought-iron, ( ast-steel, aiul cast in>n, 
R may be takc^i resjiectively as 1 - 10*, 2 >. 10* and 10 > 10*. I he l(»ss 
incretises very consiijerably when the ratio excetsis 2, ,pul the usage of 
practice wliich calls for laminated poles when this valoe of the ratio is exceeded'* 
is entirely justiliiKl by ex|H'riment. 

With latninated pof-s where the thiikness / of the lamiint^ons con..‘s into 
the question, ^ 


Thickness §f laniiiiution. 


iru//.s per sij. ( 

ni tif pole ftiee. 

/jth in. 

-- 0-212 cm. . 

7-2 ( S. 

Y '* / Via r ' 

\ r )' * - '■ •<> * 


• 


60/ V lO'M) / 

^ V / \ R/i 

0 06 in. 

- 01 52 .. . 

3-7 

.. 

(j:r ■■ ■■ 

^',^th in. 

- 0 0635 ,, 

0-61 


(:;/'■ ■■ 





/ n'» \' ** 

()*()I4 in. 

-- 0-0356 „ 

0-2 ' 


(,;) ,. 

where 

is in cm. I'or ordinary arm; 

it lire sheet s'lcel. 

R 1-5 X .U)*, and for 


high-rcsistivity alloyed sheets such as Stalloy, R 5 » 10* to (f %'I0*. 

in reality calculalioii in tlf- c.is<> of laminated pole^ can do diore than 
suggest reasonable figiin's obtained in good praifnc, owing 1o flu' indeU*.,- 
inmate nature of tlie additional loss due to (onlai i Im iwis ii the eilges of the 
laminations. The jxessildi* effect of ♦Ins is huaibly illusirated by an exi>en- 
iiicnt of Messrs. Adams, Lini«‘r. Fojie, aiul Sdiooh y in uhnlia loosening of the 
Ixilts compressing the laminations together rt'dine*! the loss to 70«^>er (ent. 
of Its ]>r(‘vious value 

In every case when the held isdistorte<l by armature rea( tion under full load, 
file eddy-current loss is im reased, nbt only in tlu* armature but also in Ihe 
v-'olg-pitjoes ; the arnplitmle of the variation of the held is increased in the 
case of a dynamo at the trailing <*dge, ami disnsised al^iie leading corner, 
but as the lo.ss is proportional to the .square id the .unphtude, iheie must lx? 
a net increase in the lo.ss. With a short air ga|> ami wide ojkmi slots the effect 
is so great that the incrca.seil heating of th<‘ tiailing comers is- distinctly 
marked. Messrs. T. F. Wall ami S. F. Smith* found afi increase in the eddy- 
currents in the {Kile-pieces of as much as Sd'p* '^ cent * Ix-twei ii no load and 
fufi armature current. ^ • 

• § 80 . Eddy<<mrrents due to 4m-palsatiov. A further difficulty in the 
scientific calcnlatioir of the loss by edfly-curreiits lies in the tai;t that the 
measured results of exiwrimcnt include not#)nl\^th^ eddies .set u{> by the waves 
of flux sweeping over th* pole face (which.are alone considered in the formula*) 
but also those due to " flux-puKatn i " i.e. a pulsafion in the magnitude of 
the total flux throughout the entire magnetic circuit which may also be set 
up by the teeth of a slotted aVrnature. % ^ 

With a small air-gap, t.e. with a large ratio as the teeWi and slots 

occupy differeiTt positions relatively to t^ie prde-fac<;s at different times in 

* Cp. also IF (^. Lamme, Trans, Amef^ Vol. 35, p. 277, where another 

empirical formula is given for laminations d 079 cm. tliick. • 

* Journ. I. BE, \^ol. 40, pp. 5/9 agd 593. 

l.>-(506.Si) * 
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m 

thf i>cri^)cJ corresponding to the passage of one tooth-pitch, the total permeance 
of the air-gap may vary witM corresponding effect on the value of the total 

Wlwn th(‘ pdarareisan exact multiple of the tooth -pitch (cas^i, cp. Fig. 482 
of Chapter XXV which shows the relative positions ift 4 instants iuring 
the period corresponding to one tooth-cycle), there are always at any time 
the same itamber of teeth immed-afely under the polar arc, and also the same 
number of slots immediately under the polar arc (6 out of 9 in the diagram). 
'I’he ( liange of the ixTineance is then mainly due to variation of the permeSnee 
presented to the fringe in the interp)lar gaj, between the pole-+ips as opposed 
to the pTiueaiice well under the pole faces which remains constant. When 
the {lolar an; is equal to {'jl whole numlx^r x f J) ri)Oth-pitclIfcs (case (ii)) the 
numlx-r of tei'th under the polar arc vanes from x -f- 1 tf) x. From this fact 
it might Ik; inferred that flux pulsation would lx; a maximum in case (ii). 
Hut further inspection shows that in case (ii) when the number of teeth under 
the pjlar are dipiinishes from x \ { to x, the nunilx*C of slots contrariwise 
increases Ironi x to .v } 1. and in addition two teeth are adijpl immediately 
outside the polar edges. 1 he result is to equalize tin; total p'rmeance more 
nearly Ih.an might at first Im; expected. On the other hand, in c^.S(; (i), at the 
emds of a pi>le face lhen‘ an* at the iH'ginning of the cycle 2 teeth and at the 
iK'ginmng of the sei.ond half of lh<‘ cycle 2 slot.s, balanced, it is true, by the 
iK'arer approath of tin* onti-r teeth to tlm pole-tips. lllusirative ca.ses will 
lx; found worked out in ('lia])ter XXVI, Careful cah ulation of the total 
perineam e with at curate allowance for fringing and slots fails to indicate 
with (ertainty any marked dilfenuui; as holding giuierally Udween cases (i) 
and (n) with ditfenuit proportions of slot-wiilth to tooth-width. In either 
case and with dittereiit degrees of ( hainfcring of the p()le-ti])s the variation 
with practiial dimensions is only of the ordi'r of 1 or 2 piT cent. Indeed, 
t'X])erinieiit seems to show that, it there '.s any gmieral law, fliix-iniksation 
throughout yokt* and ])ole is nion* likely to Ix' a maximum in l asi; (i) w'heii 
the pol.ii arc is an exact nydliple of tlie tooth jiitch ‘ 

lt< inly remains to add that ewam wdieii the tliix-j)ulsatioii throughout yoke 
and pole'.s a mmiimim, as tin* lines altmnately spring further out from the 
edges o( the pole sho<*s and then contract inwards again, there may lx; an 
appreciable lliix pulsation m tin* fac<‘ layers of the pole sIuk* without jnilsation 
furthi'r along the pole or tliroiigh the yok«\ ami tlu nce may ansi- reluctance- 
pulsation loss III the skin of tht' pole faci', tlunigh not in the magnetic circuit 
fis a whoh*. 

Prof. ¥v'. M. 'riiornton has shown that then' are also ihstinct pulsatioms 
produci'd 111 the fiehl by commutation in ,i <hre( t-Cfiirrent machine*; thi'ir 
freipicm y I'orri'sponds to llu' sp<‘ed and nnmtvr of commutator .sectors, 
and their amplitmle is increasjxl by any causes which assist in ])roducing 
s])arking, as by ctuuiuut.ition in an unduly strong held when tlu' short cirrsTit 
current set up lu the lo()ps umh'r coinmutariitn jiowerfully alfects by its 
magnetizyig anqx're-tiirns the value of tlu' mam flux. .Vn additional cau.so 
of pulsation in the valiii' of the flux throug|iout the entire magnetic circuit 
is found ui the ca.s<* of an armature <'ore which is not truly i ylindrical, or of 
which the shaft sliow.-^ a tendency towards whirling ; in tlu* former case the 
eccentricity of the armatun' causi's a dmible freipieiicy pulsation of the 
inagnetic flux in the m.i'in inagm. ti* circuit. * lint Mr. M. H I'ieKl has shown 
that in such cases of ])ulsation throughout tin' entire magnetic circuit the loss 
by eddy currents is not likely tp Ix' large,* even in a solid ]>ole .^r yoke ; the 
magnetic etfect does not e.xtend to' any great depth fr'om the surface of the 
iron, so that only a thin skin is aflvctc'd, and the loss is not jiro^Kirtional to 
the volume and to the sejuare of the frecpieiicy, but rather to the area of surface 
acted upon and to the scpiare root of the frequency. 

> See C,. \V. Worrall, fourn. LE E . Vol. 39, p. 217 ; and Vul. 40, p. 411. 

« Journ. I.E.E.. Vol 33. pp. 547 ami 550. 

» Journ. I.E.E., Vol. 32. pp. 590 and 599; and Vol. 33, p. 547. 

• Electrii uvt, Vol 52, pp. 598 and 704. Cjf. also Journ. I.E E., Vol. 33, 
jip. 534 and 508, and jfsjx'cially p. 1125. 
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THE DESIGN OF CONTISroUS CUKREN T DYNAMOS 

* 

§ 1. Range ef sijBedsHn practical use. -Th(‘ pmctical art of desi^Miing 
is a matter striking a balance between a v.iriety of conllicting 
considerations, ali of wliicli are of importance in di tf<‘rent d(‘grees^ 
and each of W’hich will vitally affect the entire design of tbe machine. 
Thus a dynamo n^ist bo tdhcient, yet at the same tiyie it niKst not 
be too costlji to manufacture ; it must In* compact, yet well ven- 
tilated ; klioroughly strong, yet not too heavy. Any one fecdure, 
however desirable in itself, will, if carried to excess, havi* some dis- 
advantageous i'onse(juence in another ilirection, and be is the lu'st 
designer who can efhct a series of ( omproini.stss such that, while 
each consideration is given its proj)er \f(‘ight. none aie forced into 
undue prominence, and a design welb'halanced as a wliole results 
from his practised judgment. 

In the majority of cases, for a given out])ut, the sj)e(‘d of the 
dynamo may l>e taki.-n as fixed : either it is dircM i!\ s[H'cijied, or it 
is to a great extent settled l)y recognized practice or questi<»ns of 
mechanical strength and duraliility. Thus, to take the c^se of an 
ordinary contimious-cuiftmt dynamo, it may in small sizes be driven 
by belt or ropes, but more- usually in all siz“s if is direc'tly coupled 
to the prime mover. In the latter ca.se the j.rime mover may be 
either a steam engine*, steam turbiiK*, or less fn-fjuently a waiter 
turbine, oil or gas engine. When ilriveii direi tly by a steam engine, 
the speed of the dynamo may l)e classified as high or low, according 
iis the engine is of the enclostal type w'ith forced lul)rication, or of 
the open ty[>e used for marine or mill work. , 

Directly-coupled steam turbines in the largt!st sizes are confined 
to alternators, but for ronUmious-current outjiuts have Ix'cn used 
up to 500 kW and occasionally up to l^HK) or fven 2(KH) kW if the 
vpltage is not less than 500 61 K). They h<ive, Iiowever, so largely 
l>een replaced by steam turbine s(‘ts in^hich flie dyn.irno is driven, 
still at a high .sj)(^od, through reduction ^a aring, that orTly the latter 
combination is hcrQ tabulated. Vfilh inodern helical reduction 
gearing the most economical .s}>'X‘ds of lx)th the driving and driven 
unit can bf combined with but little loss in efficiency and a saving 
in total cost. The speeds of dynamos driven directly bjcljji^e Diesel 
engines may1)e taken approximatelA^ as Ixdng somewhat higher than 
those given f<v oi>en engines in Table XVI. Thus, although the 
speeds .selected by makcD' for diflterent outputs vary ^nsiderably, 
yet the measure of agreemei.t is sufiicierP to enable a table to be 
• 227 , 
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drawn up indicating average values of the speeds for the different 
classes of prime movers. 

TABLE XVI ’ 1 

Sjx*ed in revs, per min. of continuous- 

current generators. Kevs. p^r 

.1 jiiin. of 

Engine-driven : I^iirger sizes geared-«to steam 

.. steam turbine, * turbine. 

Qp<*n. Enclosed. Small sizes lx.*ltHlriven. 

300 750 1500 

<250 650 1200 ^ 

300 \ ( 600 1000 . 7(H)0 

250 1 ? S ] 475 850 6000 

200 H b ( 400 750 ' 6000 

150 / 350 6^0 , 6()(K) 

120 I 300 600 (500 v(.lts) 5000 

’ •‘>00 (250' } 

90 I V ■; 2^0 550 (500 ) 4000 

I ^ 450 (250 ) 

85 ^ 200 500 (500 ) 3000 

' ^ ’350 (250 ,, ) 


StandA'rd voltago.s for coiUinuous-nirri'nl dynamos are 115, 230, 
4G0. Mid 525. 

§ 2. Determination 6f necessary D^L of armature. It has earlier 
l,>een stated that the utility, cost, and leading dimensions of a machine, 
whether generator or motor, are in the main determined by the torque 
which it has to absorb or develop. If, thefeh/le, the torcpie is 
made the basis of the design for the jiurpose of .settling approxi- 
mately the diameter and length of (he rotating nu nibi'r, the sai^Ttr 
method of proct‘(‘mre can, and .sKould, be employed for all classo.s 
of rotating machinery. 

The useful tonpie in terms of llie special unit of “ watts jxt rev. 
jTer min.” (Lhapter IV, § 2) is (juickly obtained from the useful 
electrical output of tlie generator, or u.seful mechanic d output of 
the motor, both expressi'd \\\ watts ahd divided , by the nunilx*r of 
revs. IXT min. But to obUiiv the (juantity C(7rresponding to the 
total induced watts of the arnuaure, there must in the i\ise of the 
generator lx added to the terminal volts the volts lost over the 
resistances of armature, brushes, series 'field winding and com- 
mutating-polc winding, and to the external current there must-be 
added tlie shunt current ; in Mie case of the motor either these 
quantities must Ix^ subtracted fpirn the volts and am^xres of the 
electrical input, if this is given as a datam, or the .same result is 
reached by taking the brake horse-power divided liy the mechanical 


Output in 
kilowatts. 


10 

iO 

50 

100 

200 

300 

500 


1000 


1500 I 
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efficiency (including in this also an allhwance for hysteresis and 
eddy-currer*ts, both of which will make a call the armature 
conductors for increased torque). In each cast* hfr a given arma- 
ture current, the rate of conversion of energy from a lyechanical 
to an electrical form or vice versa is ‘proportituial to the induced 
K.M.F. 

In the continuous<urrent machine, wli(*n shunt -wound, the loss 
of volts over the resistance of armature, brushes, and commutating- 
pole winding decreases from abmit 10 jH'r cent. <d the tetminal^ 
voltage in small low-sjH.*ed machines to 3 per cent, in large machines, 
and averages aboijt 4 j)er et‘iU.. while at the same \^me the- shunt 
current decriiicses similarly from S to 2 pi'r (cnt. of the external 
current /^aiid averages about 3 percent. Henct* 1-04 X 1-03 
1-07 E„ /„. In tlu* conqxaind wound mailiine the 

additional los% of volts ove*- the .series winding counterbalances 
the reduction in the .shunt current, .so that in general in the con- 
tinuous-current generator tin* rat<‘ of*developnu‘nt of electrical 
energy or the induced watts approAiniat(‘ly ‘ 107 \ ’J, EJa- 
In the case of the motor, tlm rate; of conversion of (‘l(‘ctrieal into 


mechanical energy is 




740 


where is ..omething 


less tiian the true mechanical eHiciency hr tlu* reason mentioned 
above*, Imt exce eds the* over all or ne*t etru iejicy which alsotincludes 
true electrical losses, NT»w a second expression for the total tqnpie, 
EJ,JN in watts per rev. per min., has already been found in 
efjuations (Sc) and (4^/) of Chapter W, §7. lienee the total torepie 


N 


k, . k, k 




k IL 




I)L 


10 ^ 


when, as is j)ermi.ssibl(; in the continuous-current machine, lx)th 
kf and k^^ are identified with unity. . 

Now for // may be .substituted ac. nD, wherf ac - the arnpere- 
cdhductors per unit length of the arnigiture j#-nphery, or per cm. 
•when D and L areireckoned iiTcni., .so tiTat • 


* 

.V “■ CO 


: . IFl X 10 


(216) 


In the contmuous-current machine, ^is practically ~ ^,'th% ratio of 
polq-arc to pole-pitch, and is a constant, say with commutating 

poles = 0-67^. Thence, ^— — 0*111, and the possible torque 

oO • • • 


* Only average ft<urcs c«>vering a wide range arc Jiere given, so as to 
illustrate the ftroccss of designing ^initio from first principles. 
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from a macliine of given fPL becomes proportional to the product 
of the two terms, ‘ Bg and ac, the one magnetic and the other 
electric, or ' ^ 

... 0- 1 1 1 ; l)y. X I0-« . . . (217) 

-- G D'^L watts per rev. pth’ inin. 
and G is the “ sixicific torque coefficient " 

-- - o il I li, . ac X 10-« . . . (218) 

If 1) and L a1'i‘ measured in inches and is given in ampere- 
conductors per inch length of armature peripliery, ' while Bg 
is retained in ('.(i.S. lines per S(|. cm,, appro.ximately we have 
G --■ O'TlBg X It)'”. Hut if expressed in 

lines per sij. inch, we return to ecjuation (‘4 18). 

§ 3. The “specific torque coefiftcient and its reciprocal.— Thus 
G is the specific toripie (iiv terms of "watts per rev. per min.") 
that can be obtained per cubic cm. or per cubic inch (not of the 
true volume of the armatun*, but) of the jmKluct of the square of 
the arma-bire dianader and the axitil length of its core. Other 
forms for the same (juantity may often l)e found, employing Bg at, 
or P. vs. per sec., or uscdul output instead of tot;d induced watts, 
but all come bacf? in the (md to the saive fundamental relation. 

. 1 DH.N 

Ihe recii>rocat of the* specific torque coetlicient, or --. -- - - 

* * ‘ (r watts 

is also often used, and may be di'scribi'd as the " size coethcient " 
of a macMiiru' in relation to its spi'cilic torctue, since it is the number 
of cubic cm. or cubic ins. that tlu' D-L of tlu'*^ armature must give 
for each watt per rev. per min. h'or .'Vccurate comparison oi 
machines when, as in a turbo-alternator, the air-gap may be large, “ 
the diameter to the centre of tlfe air-gap .shouUl \>e. considered as 
one of tl,ie two crucial dimensions, but practically, in continuous- 
current machines, it siilfices to take immediately the diameter of 
the toothed annature. 

§ 4. The importaiibe of hHery armature corv^, therefore, 

of given di?imeter and hmgth is to be regardeev* as being able to' 
develop a certain torqife, either resisting or dKving, which in the 
former or generator case must’ W overcome by the prhne mover 
and in the latter case will drive it as a motor. The values of Bg 
and ac will die pushed up to the maxima that exjx^rience has shown 
to be advisable for its diameter from consideratiorrs of heating, 
sparking, tooth saturation, and reasonable cost of magnet iron and 
field cop])e^; But this don^, there is a certain specific torque 

^ Sometimes referred to 'as *' the sjwdfic magnetic at.d electric loadings ” 
of a machine. , 
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procurable from each cubic cm. or inch ot its DH.. TIio importance 
of this qiiaiftity simply arises from the facts that with the assumed 
values of Bg „tax 

total flux oc ttDL -> t 

^ total ampere-conductors oc nD. 

The tonpie,* being proportional to the j)rodurt. flux v ;un|X^re- 
conductors, i * tlierefore proportional to n' D'L, so long ;is tlu' same 
limiting values of Bg and ac hold goofl. It wilVbe nulf'cl that, 
there is no reference to the number of poles, tlie nature oi the* arma- 
ture winding, the^•oltage, or the speed, ;ill of whicli*)nly introduce 
secondary elkets that do not affect the validity of the nTition 

* watts per rev. per min. or D'-L 

as a prelimin;iiy generalization for ;dl mac liines If by an increase 
in th(‘ diameter the number of ampere-conductiMs })er j)oIi‘ excet'ds 
the permissible limit or the i)ol(‘-pitch Ixvomes too gieat, it is 
assumed that tlu^ number of poli s is Vorrespondingly increased. 

§ 5. The specific values o! and f/c. The speciiic values 

of Bg ,„„^and (»f ac, as already explained in Chaptf'rs XIII, §39, :uui 
XIX, § 16, each tend towards a certain juaxiiuum \ alue tHat cannot 
be exceeded even in large maihines, and eaeh falls oil greatly in 
machiiK'S of small diameter, but. over any moderate* range 4 )! output 
may l)e treated as cejfistant. In the* toothed anuature of tlie 
continuffus-curreiit machine, internal to the poles, the flux-di‘nsity 
at the roots of the highly tapered t(*eth in small machines limits 
the ()ossil)le vahu* of B^ .since* fe^r eae h \'alue e)f Bg there must 
be a correspefueling wielth e)f texfth te) carry the flux eif a tejoth-pitch. 
h'urther, fejr the .same* rt'a.sefn. there* is a limit to the* possible ineTcasc 
m the depth (»f the sle)ts te) receive- more ampe're-conelue'te)rs or to 
increase tlieir area of ce)pper aiiei se) reeluev thgir lie-ating. TliC 
twe) values of Bg and ac thus beceame* in the smaller enachines 
mutually depndent, and oae can e)nly be* ine reased at tlu 3 expense 
of the other. ^ 

, In place of the s|xjcilic epiantities Bg and ac, we may 
alternatively consider kBg . ttDL \ 2 /) . e)r the total flux, 
and ac . ttI) tiTo total amjx*rc-cpndue tors. When* curves are 
plotted from many, actual machine!^ fejr each e)f these epiantities 
in relation to watts jht rev. per inin., they are fe)und to |K>s.sess 
a very considerable degree of uniformity. ’* In practice, the total 
flux and the total amjx're-conductors both increase inpite or less 
similarly, a*? might naturally be ^xptM:ted, i.c. each increases as 
the square rc®t of the torque. VVhen plotted ,'is ordinates against 

^ • * 

* See J. C. Macfarlane an<l H liurge on " r)utput and Kconorri}' Limits 
of Dynamo-c’ectric^Machinery/' Journ. I.E.F. , /ol. 4!J, p 235. 

* For sucfi curvc.s, see R. Goldnj^niidt, Jgurn. I.E.E., Vol, 40, p. 457. 
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the macliine torque as Abscissa, each curve would then be a 
parabola with its axis on the abscissa axis, ^ and in fact such is 
roughly their shape. By the use of such curves a provisional 
settiomen/ of d>a and of Z ~ ac . ttDIJ could be made, but the 
values of and ac are* even more reliable guides at the 

OUtS(!t. 

Approximately the average limits of these in centimetre units 
may be given as, say, . 

• Armature* diam. , Hg max ^ 

5" 5550 Xl80-:l X 10’^ 

' 50" dr over 95(K) x 330 - 3-U x 10« 

Or with lig retained in (‘.(i.S. lines per sq. cm. and ac^ reckoned 
per incli of inuiphery, the values of the two limits are 2-54 X 10*' 
and 8 x 10'*. If is itself in (’.(i.S. lines pt'r sq. inch, Ihe 

values are lf>-4 x 10'* and 51-5 x 10'*. ^ 

§ 6. The value of G.— 4'he corresponding values of G are then 
in centimetre units I-ll x *() •* and 3-5 X 10'^ and with per 
incli, 1‘83 ;< lO'^' and 5-75 X 10 ^ Thence 

the watts jxt rev. p(‘r min. from ()•()() 1 1 1 to 0-0035 per cm.'* of IPL 
from 0-0183 to 0-0575 per cubic inch 
I of 

Or conv(i»sely 

' cubic cm. of />-T 9(M) to 285 per watt per rev. per min. 

cubic ins. of - 55 to 17.5 ,, ,, ,, ,, ,, ,, 

But though the value of (i thus increases and that of its reciprocal 
dimini.sh^s as the size of dynamo increases owing to the better 
utilization of space possible in large machines, they (]uickly approach 
their maximum and minimum value respectively when the size of 
armature and t he t watts per rev. per min, rise from quite smttll 
values. An average value of 85l)0 for and of 3(X) ampere- 

conductors \M.'r cm. of armature i)eri})bery thus holds for a large 
range of moderately large*, toothed armatures with commutating 
poles. 2 ■ ' 

With goo(ji design, under .’favourable conditior^s, such values as 
are shown in Fig. 404 sl\o\dd be reached, commutating pcrles being 
presupposed and thoroughly goofl ventilation in the larger piachines. 
Component values for the separate factors in the product ac^ 

* Electr. }Vorld, Vol. 51. p. 419. 

■ For values of the product ac . Ftg in relation to D*/.., secethe curves^in 
the alwve-quotcd pa|x*r of .Messrs. J. (r'. Macfarlane and H. Burge. For average 
macliines of large sire, they give ac, Bg = 3-2 x 10* in co'Ttimetre units, 
whence the dimensional torque “ Q 05tf» watts per rev. per min., or with ac^ 
reckontHl per Inch. - 8-1 x 10*. which may as an aid to memory be 
conveniently divided 4nto <iiig — 9(KH) and ac = 900 toimpere-conductors 
per inch. ^ 




r. 404 — Specilic torque coerticient and >izr coetticient <.'f continunus-c urrt nt dx namn 
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corresponding to Fig. 4(14 are indicated in Fig. 405. * Further, 
if exf)erit*n( e suggests the taking of a lower or a higher value of Q, 
the values for the ordinates on Fig. 405 for the same absc.i^sa as 
on Ing. 4{)4 .serve to indicate suitable starting points for calculation. 

§ 7. Division of the product Although by the use of such 
a curve as Fig. 404, an appro.ximate estimate of the requisite 
for any given output and speed can quickly le obtained as a start- 
ing point for d(‘sign, tjie division of the product into its two com- 
^ p(jnefi»s, I) an<l L, is not prescribed. 'I'o make this division it is 
necessary 'that the mlmber of poles should be settled. 

A limiting! value of 300 amperes per brush, arm will only be 
excecdi.'d wluai other conditions render a long and erqxinsive com- 
mutator imiHuatively necessary (Chapter XII, § 17). Adopting this 
value then as a normal maximum, the number of brush arms of one 

sign, or of pole-pairs will be • and tria’ should first be made- 

with /) /«/3(K), the m;xt greater whole number being taken when 

the quotient of T,I'M)() has a'fairly large fractional remainder. 

From considerations of an economical section for the pole, an 
average value for L in the continuous-current imuhine has already 
lieen lai(f down in e<|uation (107) Chapter XV, § 17, as L —■ 0-75 
irDj'lp. Inserting this value 

. jy' - . ( 219 ) 

and from the known value of /)-/,, the diameter and thence the 
length are both immediatt'ly dett'rmined. 

ThusVith the minimum of labour a provisional starting point 
is obtained from first principles and without reference to other 
designs or macliines previou.sly built, but the dimensions will still 
require to be ^l^'cked by simultaneous consideration of t^o 
important fat tors in their mutual relation. The first of these is 
the perii^heral vi'locity, and the second the h*ngth of core. The 
former in the preseu 'e of a qummiitator .should preferably not exceed 
3v5(K) to 41tK) feet {ht min. f if therefore it works out too high, the 
core must be length(‘'ned. kf, on the other hand, it is low, and the 
length of chre exceeds 15| ui. or 40 cm. (Chapt\;;r XV, § 17), the * 
diameter must be ineCeased,''^ and this increii'se, if considerable, 
should be accompanied by an fticrgase in the numlxT of * 1 ) 0168 . 

But though the procedure as first descril^ed will hav^ secured a 
more or «le.sg scpiare section for the magnet pole-core — reasonably 

^ Under the favourable conditiou. assutued, and ac^, and es^ially 

the (onner, can be made to approach,, tlu'ir limiting values ny«-e rapidly than 
was indicated hi the more gonenvt of Figs. 203 and 331 in relation to 
armature tlianVeter. and the present curves are therefore more square-cornered. 

• Or to eliminate /the ypole machine 'which for r^tasons « explained in 
Chap. XII, § 17 is now seldom built, wo ivight say p — {IJ400Y-\~ 1. 
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economical in field copptr — the number of poles obtained by it 
has l)een dictated l)y values of commutator length and of J, such 
as are not usually exceeded in practice. Further, the simplex 
parallel-connected lap armature winding with a ^ p, as repom- 
mended Ih Chapter XII, § K7^1), has been mainly in view. Thus, 
although the division of IPL which results may succeed at the^first 
trial for large machines at fairly high s{X3(‘ds the number of poles 
will oft(!n njquire to be modified for other reasons, .and will then 
in dictate the best armature winding to employ. 

• In th(? liTst place, an explained in Chapter XII, § 17, when 1^ does 

not about 3(M) amperes, the 4-pole magnet with its appropriate 

ratio of L to f) will 1)(‘ adopted, and will probably lea^ to a simplex 
wave-winding. Ne.xt, apart from this very usual case, ^ machines 
are often re(juired in which with a comparatively small number of 
am|Ha-es the watts per rev. per min. and the /)-/. are large owing 
to the spe(Ml Ixang low. In .such cases, tht' pywious rule for p ba.sed 
on 3t)0 ampen^s jmt brush arm will lead to less than the permissible 
minimum numbi'r of poles for tin* diameter, with too great a pole- 
pitch making tlu* magnet unduly heavy and too great a length 
of armature core. Both must then be reduced by an increase in 
the numl»‘r of poKs and a conso(]irent increase in the diameter 

• (assuming this to l.>e adtnissibh'), until .such limiting values as 20 ins. 
for ihe yole pitch and iS ins. for the length of the armature core 
(('hapter XV, § 17,«c/i(/) are reached. Tin values of / and of the 
cf)nmt\itator s<'ctor-pitch (ChapttT XII, § 17 (3) ) may then become 
to<i mm'h rediK'ed if the single-t\irn laj) winding be retained ; w’ave- 
\^'in(ling will tlu'refore be resorted to in preference to lap (a)ils of 
two turix^, and if tlie re<luction of the nmnlxT of pairs of armature 
paths from /> to a 1 is too drastic, an internk'drate value is found 
by tlu' emj)loymt‘nt of a nmltiph;x wave-winding. The value of J 
can thus again be^ brought back to some av(Tage value between, 
say, 100 IvSO amperes, with an internu'diatc! and reasonable length 
of commiitator. Lastly, it may be that a magnet-frame of appro- 
priate D'^L but with more, poles than are neces.sarily required by 
the current per brush arm is alone available (('hapter XII, § 17 [b)) 
the division of D^L is then iv'escribed to the designer, and the case 
is again met iii a similar m;\nner by t'ne use of a nuiUiplex wave- 
winding. 

Hut in all cases when the finxl cli^oicc of the two dimetisions for 
diameter and length of armature core remains o}x?n to the designer, 
considera\de* latitude may be |XTmitted to the exercise of his 
judgment. The assumed values of Bg and ar, i.e. of G, must give 
the required product of />*A, bdt within certain limit^the relation 
Ixitween D and L may l)e varipd \yithout greatly affecting the cost 
or efficiency of the machine, although,, as genera| rule, as small a 
diameter as is practitablels to be preterred. Hence in thf technical 
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office of a dynamo factory reference will be^nade to a list of standard 
armatures, pr at least of standard diameters of core discs, from which 
armat^es of different lengths may built up. After a number 
of machines have been standardized, a table can be drawn out 
showing the maximum value whic]i the tonpie expressed as 
i^tts 

has for each of the standard armatures in continuous 


revs. j)er mm 
working undei; average conditions of coltage and 


speed. 


§ 8. Secondary jconsiderations affecting the watts ^per rej^ per 
min. for each size of armature core.— But whether in tlu* use of any 

such table or in tlu^ value taken for G from such a curve as that of 
Fig. 404, allow^ince must be made for the disturbing effe<'t of certain 
secondary conditions which prevent the watts ])er rev. per min. 
of any size of core from being strictly constant, wlien the same 
permissible rise of temperatiirc is assumed. Th(‘se art' mainly 
the speed and the volt \ge. With regard to tlu* first, it is evident 
that if the revolutions are exceptionally high, tlie t'ddy loss will 
assume such large proportions as to li^iit dt'cisively the ])ossible 
current that can be carried by a given winding on the armaturt'. 
Although this is to a certain extent countei balaiu t'd by the increased 
cooling due to the high |>erij>lT('ral sjH'ed, yet on tlie while if the 
speed be high the watts ])er rev. per min. for a given /)-/, or size 
of armature core must be slightly reduced below the nor;.ial 
value for medium speeds, or conversely with* very low* speeds 
may be high. But most important of all is the influence of the* 
bbM.b'. A high voltage* implies a larg(‘ numln'r of active con- 
ductors, with an increased thickness of insulation, the percentage, 
loss of space in insulation is therefore nuu h greater than»in low- 
voltage machines, 'an I the watts per rev. per min. an* reduced. 
It the am}X‘rago is siUitll, round wires may In* ne<'essitat(*d, by 
whkh the ratio of the (ajpiX’i' to the available area is very larg(4y 
reduced as compared witli the s;ffne arm.it me wound with rect- 
angular bars. In a small multipolar toothi'd machine with round 
wires the ratio of the cop|K‘r area to the area ot the slot may sink 
to as low' as 0-25. In a low-voItag<* nfachine, •say, for 111) volts 
wj\h rectangular bars, the ratio ri.ses, from for small out- 

•puts at low' sjX'cdR to 0-55 f^r large ofltputs ; Imt hewi again, if 
the bars Ixicome vei^ thick, it may l*t nfee^^ary t») limit the num- 
ber of bars*per slot to two only jn *fKU‘r th.it the width of opiuiing 
may not be too great, when the ratio again sinks to 0*45. At 2.50 
volts the ratio for normal sjX’cds and outjiuts of 40 to 20f) l^ilowatts 
ranges from 8*4 to 0*52 ; while at 500 volts it rises from 0*25 in 
very low-speryi small machines w'itti round wire to 0*3 in small 
machines of ^ to 80 kilow'atts aWnigderatc six^eds, and to 0-5 in 
machines of 500 p^bSOO kilbwatts. The combination of a low speed 
and a high ^hltage ii therefore i^nfavourable* andMhe loss may more 
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than counterbalance any gain derived from the first-mentioned 
cause, so that the value of G or of the watts per rev. min. will 
be on the low .side. 

§ 9. Examples of design.— Good practical designs beirig^now 
available to the reader in wiany excellent books, ^ it will only here 
be necessary to consider in detail the design of two dynamo^ one 
a small machine with discs keyed dr.rectly fo the sh^ft, the other 
a larger machine with hub construction, ^ for the purpose of illus- 
trating the application of the [Minciples and methods described 
in the preceding chapters. 

I'l^e calculations are arranged schematically in the natural order 
which the (h'signer can follow, so as to reduce to^the minimum 
any need for cross-reh^rence, clu^cking, and subsequent^ correction. 
Provided that it is known that the chosen values of 
are such as are suitable for the given (mtput, the annature winding 
can be completed togetlu^r with the calculaVOn of the ampere-turns 
for the magnetic circuit as far as the pole-faces. The heating of 
the armature can then bec,checked, leaving the completion of the 
calculation of the field ampere-turns and field winding to be sub- 
.seqiiently resumed. Many of the calculations here carried through 
would n<»t be necessary in the light of previous j)ractical exj>erience 
or data of pnivious designs : they are, however, added for the sake 
of completeness in ourhypical examples. 

Lastly, although ordinary slide-rule rccuracy is presumed in 
the talculations, it must be understood that the data and methods 
employed often do hot warrant even so much accuracy. The 
.reason for assuming such definiteness is that in a large measure 
when the results of one calculation are again used for a further 
calculation, the slkhi rule itself automaticivUy* takes care of the 
degree of accurai'y that may reasonably be expected. When the 
last significant figures are omitted or roundi^d off, there is a g^^at • 
tendency for tluMUuissions or romiding ok' to lead the designer almost 
unconsciously into a comparatively large cumulative error on one 
side or the other. ..Vny margin that safety may require is far better 
added with the avowed piirpose of sei uring a margin at the end of 
a rigid calculation'* rather,, than piecemeal at any intermediate 
stage. ' ' * 

§ 10. Design of dynamo for 56 kW at 400 revs, per min. — Suppose 
that it is required to design a" shunt-wound dynamo with toothed 
drum armature and commutating poles to give 55 kW at 230 volts 

r 

* See especially Prof. Miles Walker, The Specification and De^^ign of Dynamo- 
electric Machinery, and Dr. S. P^, Smith Notes on Theory and Design of 
Continuous-current Machines, p. 36. 

• Ik>th bafM on drawings kindly supplied by Messrs. W. H. Allen, Sons 
& Co.. Ltd.. Bedford. But for tl\e calculations here set forth, including 
outputs, coerticicuts .miplo'/ed, etc., tlu writer is solei/ responsible. 
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when directly coupled to a steam engine running at 400 revs, jht min. 
Then proceeding from first principles^ 


Volfs 

230 

Amperes 

239 

Kuowatts « f. 

• 55 

R^vs. per min. 

400 

. , , . . • . l-07Xv55,0(K) 

Induced wattsjxir fev. ix^r min. : - 

, 4(K) 

approx. 147 

G - 0-72 B, x.l0-« 

. /0043 

B, „„ from Fig. 405 . 

. 86,50 

ac ,, 

, . 690 

in cifbic inches 147/0-043 

3420 


No. of p^le-pairs= (/J^OO) | — 1, so ])v Chap. NXII, § 7, say, 2 

L 0-75 7r7>)/2/) - 0-589/) 

/)y* - 3420/0^589 - 58(K) ^ 

— 18 ins. ^ 10-6 ins. 

Peripheral velocity - 1885 ft. per min. 

The }x?ripheral velocity is low, so tl»it it will he assumed that 
the nearest standard 4-pole frame has dimimsions as imdtT - 
Diameter of armature 19 ins. 

Over-all length of armature core • 10 ins. 


Armature 

With simple.v lap-wimfing, / - 


ttD , 


/a/^/> 

= 676, 


^690 X 59^ 
243/4 


a provisional addition of 4 amjx'res being made to the e.xternat 
current to allow for the shunt current. • 

No. of commiiTatftr sec tors, (', 
with single-turn IcTops 3r^8 
^immutator diameter, say, 0-75 x 19 • 14-2s>ins. 

• 314 ^ 14-25 - * 

Commutator sector-j)itch, - 7 ^ 0132. 1 his* is less 


than the minimum permi.ssible, so that^. 2 -turn»lap coils would Ixi 
n^essary with C ~ about 169. In ])referenc<; to this, by Chap. XH, 
^p. 254, will be chcjsen single-yirn coils ^'avexa)nnected, and a -- 1 . 

With 6 conductors |kt slot, 3 abreast, ac per slot ^ 6*x 243/2 ^ - 
730. Hence, by Fi 54 373 c can Ix' mJde S. For a 1 , ('//> eSjp 
must have* a remainder of l/2,#sin?e by equation (53). 


• cS a 35 4- 1 


* Even thoug\) the watts per rev. pty qjin. are les.s tiuin in the 21' x 11' 
machine of Chap. XVI, § 9, the presen^* of the c<;nunutating p<;le.s and con- 
sequent shorter air-gap will *enable tne values of and cu to be 

appreciaUy h^her ill the present machine. * 




continuous-current dynamo, 19' dia. x 10' long. 




Fio. 407. — Foar-pole field magnet of 19* x 10' d>-namo. 
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must be a whole niimbei*; further, 3S must be about 169. The 
nearest number to 169 which is a multiple of 3 and leaves as 


remainder 1/2 Is then 3 X 57 == 171. Hence o 

y.= ' * , '85 

.85 

y.= 85 

S = 57 

C ^ 171 

Z;.-. (/’.= 4y, -f2= 342 

S/2/> 57/4 14-25, and y„'= (y„ l)/6 ^ 14 

Average volts per sector. 2p . V^jC 4 x 230/171 5*4 

Slot-])itcli, /, - (3*14 X 19)/S7 1-045 ins. 

Slot dimensions, 1-625 ins. deep X v')-44 in. wide. 


Tapt ' 



Pitch oj teeth. Width oj tooth. 

at top 1-045 0-605 

, .an at centre 0-957 0-517 

j-oot 0-870 0-430 

U|t"'Lav«- ofmaniUa 
75- n paver. 

The voltage being low, out of three 
conductors abreast only the central one 
need bo taped with a half lap, the 
other two within the slot being taped 
withotit overlapping ; on the average, 
therefore, it will siiflico to deduct 
0-020 in., or, wdh some additional 
margin per bar, 0-025 in. in e(juation (81), and the same amount 
in equation (82). Hence — 

Thickpess of conductor by equation (81) 


-Layer of 
'' imprmaUd 
I bond paper. 


strip* of 

pret$-$:^n 


lion of slot. 


T J(0-44 - 0-075) - 0-025 - 4) 095 in. 

Binding wire sunk ‘into .shifllow grooves 0-065 in. deep in the core, 
no wooden wedges thin press-spahn strips, 0-02 in. and O-OI in. 
thick. Total deduction from 0-16D b 0-065 h 0-03 -= 0-255 in. 
Hence — ® 

Height of conductor by equation (82) 


h = J(1 -625 - 0-255) - 0-025 - 0-66 in. 

Area = 0-66 x 0-095 with slightly rounded edges 

a 

~ say, 0-0615 sq. in. 

Resistance of 1000 yds. at 20*^0. (68° F.) = 0-02445/0-0615 

= 0-398 ohm 
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Length of axial projection at either end by equation (83) 
14(0^) (0-45) 3 1-625 


2v/0-87*~fr45* ^8 


f ~ -1- 1 -25 X 0-44 4 - 


3 68 


2 

1-74 


• 5 , 


J X 14 (0957) 6-7 ms. 

Length of <i coinpluOi eiul-co»mexi(>n by equation (84) 
r =:^2(V'6 7* |3-68* I 1-74) • .. 18-78 ms. 

Length of a half loop 10 f 18-78 28-78 ins. (r8 yd. 

by equation (§4) - \ (342 x 0-8 x ().(KK):^)8) 0 0272()hni 

^ hot, with 39^ C. rise M8 x 0-0272 ^ 0-0315 ohm 

7-66 volts 


Magnetic circuit and interpolar ampere turns. 

Effective, radftil deptli of armature core below slots 3j ins. 
Two ventilating ducts, eai h J in. widq. 

Double section of core, 2hJ., 2 x*3-375 - 0-9(10 1) 

54-6 ,s(). ins. 353 .sq. cm. 
Pole-shoes opening out towards their tips. 

Single air-gap, increasing from * in. t(> J in., 

mean length /„ ,3^ in 0-1875 0-177 cm. 

Polar angle - - 6P’. Ratio to p,)le-pi(ch, ft 0-677. • 

Polar arc at centre of g^ip, .4' -- j7r(I9-I875) > 0 677 - 10-2 ins 
Pole-pitch on armature surface Jtt x 19' 14-9 ins. 

Polar arc ,, ,, ,, 10-1 ,, 

4-8 „ 

Commutating p<Jlc-^^ce width 1-5 ,, 


Two interpolar gaps 3-3 

Half of one interpolar gap betwc^-n main afld commut.iting jHile 
of opposite sign, c ^ 0-825 in. 

cjl, = 0-82.S/()182 = 4-.S;i. ‘ y 100". »y l-i»; 2.S,1, A', ... 2-2. 
fietwccn main and conimiitaliiiK polr* of tin' sannt sif;n, using 
Fig. 254, A, — 2-8. The moan value |ir Ootli strips may tlicre- 
Ve be taken .as ‘A, - J(2'5 -i 2-8) 2'.5. 

A' + Kyi, = I0'2** 2-5 X 0187,5 = ’ ' 10-67 ins. 

Axial length of [xile-face, /./ - 9-5. a - J in. 

a//, = 0.25/0- 1875 = I 33. By Fig. 2.54, A, = I S 
wjl, = 0-5 /O' 1875 = 2-67. By Fig. 2.56, A, 0-36 * 

L, + A^, -Xj n,, = 9-5 + 1 -5 >s, 0- 1 875 0-36 .. 9-42 in.s. 

, F^ffective area of air-gap, by cqjiation (113) 

I0'6T X 9-42 X 6-45 .. 648 sq. cm. 

wjl, = 0'44/0'tA75 = 2'.34 

u'njw, = »-605/0'44 = 1-375. 1 By Fig, 262, A = 1-155 
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AT, = 0 8 B, X mSs X 0-477 = 0-44 B, „„ ^ 

a 6000 I SOOdE. „ • £ 

ZN xmwx "^- '«■ 

To allow for the governcfr iange, say 

no-load speed = 405 revs, per min. 
full-Jocidspecd = 395 ' „ „ 

At^ no-load, <J>,, - 8 77 x 230/405 ~ 4-99 niegalin6s 


' Allowing 2 Volts oyer brushes and 3-3 volts over commutating- 
pole winding, -= 2'.i0 -f 7-66 -j- 2 f 3-3 — 242-86. 

Hfince at fiill-load, = 8-77 X 2-12-86/395 - 5-4 megalines. 


Interpolar ampere-turns on main magnetic circuit. ‘ 

Noload. 

Full -load. 

(ha in megalines 

4-99 

5-4 

B, „„ ^ ^ <I>„/648 

7700 

8350 

■0-44 .AT, 
Q (p. 501) 1-045 < 9-42/8-1 - 1-22 

y'(p. 502) - 10/8-1 -- 1-235 

- 3385 

3670 

Q X Bp fncfx ’■* 

Unc()nfet(’d density at crown of tooth, 

9400 

10,180 

Q ' 1^0 

15,500 

16,800 

Q>rrc(jted, say, 0-85/^^' 

13,150 

14,300 

at^ -- ' ^ 

Uricorn'cted density at centre, B^c 

8-4 

13 

(.^ • Bg maih^Uc 

• Slot-ratio. A'„ (e(|uation 1 17) 

(y-957 X 1-235/0-517 - 2-285 

18,200 

19,650 

Corrected density at centre, A, c " 

‘ 18.000 

19,400 

"1(0 

KK) 

188 

a, X 10-« 

Uncorrected density at root, Bf^ 

0-2 

0-4 

Bg majh^'t2 * 

Slot-ratio, K ,2 -•0-87 x 1-235/0-43 - 2-5 

21,850 

23,700 

Corrected densit)xit vooi.^B,^ -- 

21,100 

22,200 

X 10-« ‘ e 

0-85 

i-5 

Utffv — («2 ^ (*c)/ {1^2 ~ l^tc) 

* 210 

393' 


54 

100 

IJ2 1-625 X 2-54 x 0-5 = 2-06 cm. 

264 

493 

14y emiation (119) 'AT, 

- 546 

1015 

B, - (h'a/353 

14,1.00 

15,300 

oi I * 

1,12 3t ins. X 2-54 = 8-9 cm. 

12-4 

^•6 

' , >AT, 

- no 

805 

Ar, + AT, + AT,= \ AT, 
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Heating of armature. * 

I,*Ra = T'ee X 243 ^ I860 watts 

• f 

Volume of iron in teeth = 0.517 x 1-625 x 57 
' X 0-9(10 - 1) - 388 cut). 6.350 cm». • 

Mean diameter of core below .slots -- 15-75 3 375 
• , • • -- 12-375 ins. 

Volume of iron in core == 12-375 x rr x 2-54 N: 353/2 

-- 17. 120 car*. " 

Frequency, / =:^ pNI&) 2 x 4(K)/60 - 13-33 cycles ^ 

\>cr .sec. 

bor Be =» and B^ ~ 14,300, 

joules IXT cm^ per cycle by Fi|<. 215 may l)e lakt ii 
for both core a’^d teetli as h.— 0-(H)147 

Hysteresis loss by e<j nation (97) 

--0 (M)147 x 13-33 V (17^420 i 6350) =- 465 „ 

By equation (210), l9-‘(5 x 8-35- ;< 10 

f 12 V 4 (S852) ... 10 0-00259 

^ /23.700 - 17.(K)0\2 0-44 X 1-625 

*( ,m ) ,w. . 

X 10 X 191 X ()-187.V ^ 2. ■: 10-*'> - 0-(KM;345 • 

F 000259 f 0-(MM)345 
f;V2 .... 0-(H)293 X MW 
Total lo.ss in armature 

Cooling surface, oiitiT, 3-14 X 19 x (10 | 11-5) 


inner, corrected, 314 .. 12-8 . 11-5 


470 „ 

2795 „ 

1280 sq. ins. 
460 „ „ 

1740 „ 


At {xripheral velocity 1990 ft. |>er min. k t C. '/.^SJ W 
-- 21-5 by Fig. 399. , 

Surface ri.se of tcmpt;rature by tliermomete#, 

, . • c - 2^5 2795/r74a- 34.5“’ C. 

Completion of magnetfc circuit and f^ld ampcrc-turns. 

Cast-steel ixde-core 6-5 ins. wide- x 9 ins. parallel to shaft with 
comers rounded to 1 in. radius 57-64 s(|. ins. - 374 sq. cm, 

Daubic scetton of cast-.steel yoke 61-5sq. ins. ~ 3^ sq, cm. 

Laminated pcle-shixjs, 1 in. deep. 

By equation (123) — * * * 

8 X 2-1 T 9 -f 2-25 x 1^) f 0-66 x 19 


61 
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To check this — *■ 

(1) Between the tips of the pole-shoes of a m4in and a 

commutating pole , « 

9*5 X 1 1 /’ 

~^2*54 —Tq — X 2 X 7 / — 13-4 in relation to 2.4 Tp 
I'o JL 

(2) Between the flanks of the pole-shoes, partly for flux from a 
main into a commutating pole and partly for flux from a main 
pole^shoe to a main pole-shoe of opposite sign 



1 S X 1 + 1-8 ^ 1 

1-86 X 1 X log - X 4 X 2 , 


1-86 X 4 X loj;" X 4 - 1-63 f H-25 7-88 




(3) Between side of pole core and yoke or commutating po/e by - 
Fig. 409 


Sf, = 2-54( 


X 2-06 


4-8 



X 

s-s 


9 

X l -8d 


3'2S 

d- 


5-7 

X 

525 


9 

X 159 


2-625 

+ 


5 4 

X 

5-25' 


9 

X T75 


1-5 

' '-f 

■ 

3'5“ 

X 

5~25 


9 

X 1-27 


0-3 \ 


~ 

1-59 

X 

5-25/ 

= 102 

-f 

4'5S 4- 

3 

4- 
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(4) From the flanks of a main pole tore 
(a) iht^ the flanks of a main pole of opposite sign» 

o . •TTXS 'IS H 12-7 5-25 

k86 X 3 X log X 4 X 


127 

{bj into yoke (Fig. 4()9), 
by Fig. 271,%sin « 


5 75 


5-2 


27 


V\9\^- 

a in circular measure =- 2-19 
2-54 X 


2 7' 
65 


0-818 


y’ - 13-4 j- 7-88 1 22-42 j 9-5 
assumed. ^ 

<!),, in megalin(‘S 

<l>i - 1-257 X 2.4 7 , :< 61 - in 

I h 

- 

a/,, by lug. 207 

7-5 ins. 19 ( tu. 

By - <l)„./396 
aty by lug. 207 
V2 - 12J ins. 31-?lcm. 


'' 5-25 

9-5 


1 

53-2. 

Ado]U 61, as 

; above 


4-9V) 

5-4 

galines 

0-62 

0-75 


5-61 

6-15 


15,1(K) 

16,500 


16-5. 

32 

AT,,, 

313* 

610 


14,200 

15,500 


12 . 

21-8 

AT, 

382 

695 

ATr 

4040 

4860 

'per pe 

^r. 4725 

61^ 

s 

ay 4750 

6200 


Field magnet binding. Shunt. Sectional ventilated. 

i.ength of bobbin between flanges ^ 5} ins. 

Two sections, divided by J*in. air-gap, and in. air- way 
between coil and jwle. , , 

Net winding length • ins. 

.Depth of winding with insulating wrapping* IJ ins., net Ij ins. 
Length of mean turn, 2(4-5 -f 7) | 27r 2-2 

• .... :k^-8 ins.*- 1-02 yd. 

Length of outerVirn, 2(4-5 -f- 7J*f Stt V 2-9 - 41-2 ins. ^ 
Retaining 3 volts in rheostrt on full-load, as a precautionary 
margin in. case of need, exciting voltage j)er j)ole 

- J (230 '-.Si) - 56-75 

• 56-75 y l(KK) 

BycquationJ124) ^ = 7-74ohmsat 20»C. 

By equation (126) d »= 0-176/^7-74 ~ 0-0634 in. * Tins is so 

close to No. 16 d.W.G. — 0-014, that that gaige will be chosen, 

• f 
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increasing slightly themalgin of volts : when single-cotton-covered, 


d^^0■07in..o/=7^6ohms. „ ' 

Turns per kiyer, 5-25j0 07 = ' • ’ 75 

No. oNayers, )-37S/(0-9.x,0-07) = say, > 22 

l ums pf‘r pole 75 x 22 ~ ,1650 

Total yds. - 4 x 1650 x 1*02 - - - 6740 


/^,at20°C.---6-74v7-6-5M,hot--5M X 1-16 = 59-4 ohms. 
7,^ 3'76 aoiperos. ICxriting volts - 223 : 7 volts to be absorbed 
in rheostat. 


1}R^ ~ 84V), per pole = 210 watts 

('ooling surfaci! of one coil ^ 

= 41-2 X 5-25 I :i6-8 x 1-375 x 2 - 316 sq. ins. 
k t° C. X SJIV at peripheral speed of 1990^ft. per min. by 
Fig. 398 49. 

Surface ri.se, r 49 x' 210/316 32-6° C. 


On no-load, must be *47^50/1650 -- 2*88, and the resistance of 
the sluint winding and rheostat, 230/2-88 80 ohms. When the 

shunt is cold, the resistance of the rheostat must be 80-5M — 28-9, 
say, 30 ohms. 


Commut'ition. 

' <t 

’ Carbon brushes, 3 p(!r bru.sh arm, each 1} ins. x J in. 

Contact area \hh- arm - 3 X 1-5 x 0-875 3-94 s(). ins. 

> Current-density, 243/(3-94 x 2) - 31 amperes per sq. in. 

With' the wave winding now adopted, the co^nmutator diameter 
can be reduced to 12^ ins. ' 

Pitch of sectors, (12-75 x 3-14)/171 0-234 in. 


/0-875-003 

V j )r\ 0^ 



4 


By equation (190), T 


-f 


(X)! 


OF875-003 

' I , {m4 ^ 

'• r , 

: (3-6 -f 0-5) x 0-000876' 
: 0 00359 sec. 


60 

^ ITf xXoO 


Placing brush 1 centrally over commutator sector 1 (Fig. 410), 
brushes '2 and 4 just reach over the mica strips to sectors 46 and 127 
at trailing and leading edge rei pectively, making 5 sectors touched 
by each of these brushes, and 9 short-circuited coil-iiides in each of 
two zones cVjrresponding to sfots 14, 15, 16, and 28, 29, 30. If 0013 
inch is cut off the trailing edge ofyeach brush, <x)ndu:tors 91 and 
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176 are removed from short-circuit, and a similar amount cut oh 

each leading edge removes conductors 8^1 and 168. — , then 

• . • • b ^ 

exactly 3-5, and when the commutator moves slightly forward 
the picture of slots 14, 15, 16, and 29^30 becomes that of h'ig. tl64 
for .a remainder of J with conductors 85 and 170 as the considered 
coil-sides. -The timeof comimitation will, however, then be reduced 



and the full brush-witlth will be here retained with ccuiductors 
85 and 170 each in a slot fully filled, as giving tlie greatest j)ossible 
value of y -f -T. Thence * * * 

for conductor 85 in slot 15, ^ ^ ^ 

Tor conductor 170 in slot 29, A’j' ^ ^ 

* * /014 \** 

ay" or a^" by equ^^ion (188) — 1^57? t 0-2 1 - 6-5 

D/2/> Wj = 19/(4 X 0-44) - 10-8 

By Fig.* 361, hy = 17-3- h, ^ 

^iKK-irjai X ay" -1- Uyby 

= 34-6(1 •485/0*44) -f 6 x6-5 -f 9^47-3 1 17 f | 155-5 - 31 1 -5 

"b Jai X «2 d h2^2 # , 

= 15-7 X 3-38 -f 6 X *6-5 f 9 x 17-3 = 53 i 39 f f55-5 24^ 

559 
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Iron length of core 9 ino. x 2-54 = 22-8 cm. 

22*8 X 559 - 12,720 

V . <- n , 18-78 -f 1 

X - - 5 X 3 log gg ^ g - g J ig 

* ^ =151ogl6 = 18 


2l'X'^ 2 X 19-78 X 2-54 x 18 

, '/ i X ’ in henrys 


i’. /*)2jir 


' 0-0000145^x243 

o mW ^ 


= 1,810 
= 14,536x 10-* 

0-99 volt 


CommutatUfg pole cast solid with yoke Sins, x IJ ins. wide, with 
steel pole-shoe 9 iits. x 1 j ins. breadth screwed on. 

1 ' 19 

l)y equation (205) should be (0-875 - - x 0*234) 
f 1*045 -0*1 15 x 2 1*945, but the abo’T will te near enough. 


V 19 x 3*14 X 2*54 X'' 400/60 - 1000 cm. jxjr sec. 

0*495 X 10'^ 

Av.-ragc /(„ l>y (-(luation (193) ^ ^.54 ^ 1000 

^ 0-J50 ill. 0-;t81 cm. 

A T,, 0-8 H„ K,l„ - 0-8 x 2165 x 1-16 x o-.-jgl - 770 

(•'‘23 X 342)/8 .5210 

c Ajifiroximatc A T, ^ ,5210 x 1-3 - 678(). Hut a 
detailed calculatiiin is added lieluw. 



7-02 

7-45 


X .5210 ^ 


4910 


Kflectivi- polar arc o( comimitating pole ' 

- If, I 2-2.5/,, -.2-08 ins. 

ajl, O-.5/O-I.5' - 3-83. A', by lug. 254 - =2-5. 

, A,/„ - 0-375 

Effective area of reversing lielil 
-- 2-08, X 9-375 x 6-45 

— 125 sq. cn/ . 

-- 125 X 2165 = '271,000 
<l>„ - S X 750,(HH) . 46^.000‘ . 

, 740,000 

To check assumed it n;ay be reckoned that permean6es 
c'\ f- first part of c'', p first 2 Urms of = 13*4 1*63 -f 14*75 

==* 29*78 will»!.x^ acted on now by a'M.M.F. pf 1 *257 X (4750 -f- 6000), 
giving a leakage flqx of ,403,000, and \his will in^fact be increased 
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by flux being drawn into' the commutating pole on the^ one side, 
instead of passing directly into the yoke in the upper half of th^ 
ipain pole. 

Area of pole-core. Sins, x IJins., with ends rounded to Jin. 
radius «-25 x 1*75 b tt X €*875- = 13*3 sq. ins. = 85-7 sq. cm. 

- 74(),(K)0/85-7 - 8650 

at by Fig. 207 - 5. - 20-2. -= 5 x 20-2 = 100 

1 074) X 10« _ (6*15-074) X 10* 

Uy • S96 Uy 396 

• •17,400 - 13,650 

at ■ 70 11 0 

Difference — v59 

. (/,/4) X 59 15-9 V S9 - ‘ ' 940 

The ealeulation illustrates the importance of the term dealing 
with the diflereiiee of deii.'^ties in the yoke sections in a 4-pole 
machine wh(‘rein the length of path in the yoke bears a high ratio 
to the polt‘ core length, 

Hy tKlim'tiim (17;!), A T, 770 | 80 1 4910 | 1(K) ( 940 = 6800 
A'I'r ;!8 tnnis x A;! amps. - 6804, all coils in series. 

Length of coil ’SJ ins. ' 

5*875/29 0*203 in. « 

0*135 „ 

•0(S8 ,, clearance between turns. , 

Single spiral of bare copper, M 25 in. x 0*135 in. Area 0*1 52 sq. in. 
(o' per 1000 yds , at 20' C. 0,*02445/(M52 0*161 ohm. 

\ in. ail -way at ends (»f each coil 

Mean length of turn ^ - 2 x 7*25 2?; X 1*4375 

- 23*55 ins. = 0*855 yd 

Total length of 4 coils -- ()'o55 X 28' x 4 -- 73*5 yds. 

^ Resistance ™ 0*161 x d*073vSix 1*14 - 0*01355 ohms. 

Loss of volts =. 248 x 0-0 18.53 ='3-29 
Watts = 3-29 X 248 .. 800 - 200 {ht coil. 

Cooling surface of one coil -- (2 x 7*25 -f 27r X 2) x 5*875 

sq. ins. ^ 0*79 sq. in. per watt. 

Weight of .11 yd. - 11*55 x 0*152 = 1*76 lb. 

„ 73*5 yds. ==‘130 lb. ( ‘ ’* 
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Heating of commutator. * 

laRf, ~ 2 X 243 ^ ‘ 486 watts 

* Peripheral speed of commutator, tt X 12*75/12 X 400 ' ‘ , 

* , ^ = 1335 ft per min. * 

Total brush pressure at I J lb. per sq. in, , 

- 1*5 X 3*9^ X 4 23*65 Ib. 

Taking /i r 0-35, by^ equation (214) brush friction 

0*35 X 23*65 x 1*335 x 22*6 = 250 „ 

736 

« • 

ICxternal cylindrical surface, n x 12*75 x 5*75 23Q sq. ins. 

One face of lugs, 1 in. x 3 ins. x 171 513 ,,' ,, 

- 743 „ ., 

.S,jl 1 0-3 / l*335‘=‘j 743 x1*437 c- U>65 

By equation {('hap. XXl,"^^ 27), r C. - 55 x 736/1065 - :i8*2"C. 
Efficiency (h'ig. 412). 


Losses ill watts. i 

1 

1 

J 

1 

Full load 

w • V • ^ • *’* • j 

124 

473 

1042 

1860 

Hysteresis . . t . . . j 

42.S 

. 435 

455 

465 

KtMies, . . . . . , 1 

4(H) 

425 

450 

470 

. . . ... . i 

50 

125 

275 

486 



53 

204 

450 

800 

ifK : 

5(>5 

B80 

760 

840 

Rheostat . . . . 

14(> 

102 

80 

24 

Brush frieboti .... 

i 250 

250 

250 

250 

One Ix'aniiK and air friction . . 

1 300 

300' ' 

300 

300 

Total losses ..... 

2313 1 

2994 

4,062 

5495 

Output . . . 

. o . C _ _ ^ 

, 13,750 j 

27,500 

! 

41,250 

55,000 

Input . ■ . . . , . 

16.003 

30.494 

45.312 

60.495 

Ktiiciency , . . . . . 

H5-«X, 

I (lO'-o 

9r;, 

; 911% 


i 


Binding wire. ' ^ 

By equal ioii (93), ^ , 

f, - 7*5 x 342 X 0*055 x 10 x 17;375 x 400* x lO’’ ='392 lb. 

On the core. “Three bands, each j in. , wide, of non-magnetic 
Eureka wto, 0*040 in. diameter with ultimate breaking strength 
of 75,0(X) lb. per .sq. in. ^ 

No. of wires, 3 x 0*75/0*04 = 56 
Total sectional area, 56 x 0*00\25 0*07. 

Apparent factor e< safety, 75,000 r 0*07/392 = 13*4. 
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On the end-winding — * 

. = ( V6-72 + 3-682)/3-68 - 2-07. 

At ^ach *end, = 392 x 2-07 x 5-75/ 10 467 lb. • 

Ofte band, 1 J*" wide, of steel wire, Oil-lO in. diameter, witfl ultimate 
brettjcing strength of 200,000 lb. per sq. inch. 

No. of wires, M 25/0 04 =«28. 

Sectional jwea* 28 x 0-(K)125 0-035 s(j. jns. 

Apparent factoE of safety, 200.(HK) 0035/467 ^^15. ^ ^ 

In each case the real factor of .safety is* less by an amount * 
depending on thc*initial tension under wliicli the Uiuuls aiL‘ jnit 
on, and the sk'e.ss of bending the wire round the.armature. ‘ 

§ 11. Design of dynamo for 450 kW at 400 revs, per min. Hie 
next design is that for a dynamo of 450 kW oiitimt at 400 revs, per 
min., which is 4^) give its fulHoad at 500 volts when sliunt-woimd , 
and also is to be over*('ompounded, so that its volta/^e rises from 
vSOO volts at no-load to v525 volts at full-lAad. ’I'wo conditions liave, 
therefore, to be considered, tlie full-lo^d eiuK'nt in the two ca.ses 
being 900 or 855 amjH'res resp(‘('tively, and the < haiige from the 
latter condition to the foruK'r will be made by short-cin uiting the 
series winding and by an alferation of the s(‘tting of flu* shunt 
rheostat. It will therefore be reasonable ^o antii ip.ite that when * 
normal values of By and ac hav(‘ been selecti'd, a liighi^r^vahU' of 
^amnx ^^id a lower valu§ of ac, or rice versa, tvill actually hold 
according to whether the geiuTator is giving its full-load as a 
compoumj-wound or as a .sliunt-wound machine. 


•DESIGV 


Kilowatts 450 

Revs, per min., " 400 



* 

1 07 X 450,000 


Induced watts per rev. jx-r mm. ajijirox. - 

4(X) 

rr 1200 

C = 0-72 7i„ V 

ip-« })y hjg. 404 - 


0-054 

1% 405 


• 

9250 

ac^ by Fig. 405 

* 

^ > 

810 


1200 



in cub. inche.s*^ 

" 0 054 

* * 

22,200 


Volts , • ^ 

Amperes • # * • 

No. of pOle-pairs =- “ .^05/3fK) say, 

L = 0-75 7rD/2/> - P-392/) 

/) 3 = 22,200/0-392 56,700 


500 525 
900 a55-* 

* 3 


~ 38-4 ins. — 15-1 ins. « 

Peripheral Velocity -= 4010 ft. p(^x min. 

The armature forc. is •ratj^er long and the peripheral velocity 
1 Sec L. IJurstow, El. Review, 89, p. 774. * 




General arrangement of 450 kW dynamo. 
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moderate, so that a shorter core wiJl be preferable, and /c will be 
assumed that there is a standard 6-polc frame available \Fig. 413) 
for an armature core (Fig. 414) having the following dimensions — ' 

D ™ 40 ins. 

’ ' 14 ins. 

Peripheral velocity -- 4190 ft. j^er fnin. 

Armature winding. 

r 

With simple*?; lap winding, 7 = 


ac^ X 7r/>^^ 


810 X 125-5 
' 859/6 or 905/6 
7f0 or 674 


6 conductors per slot, 3 abreast. '' 

ac p(!r slot 6 x 905/6 ^ 905 maximum, vvliicli is permissible 
by Fig. 373. 

To make S divisil)le by p and permit of /'(piali/mg connexions, 
choose 5 1 14 slots and 7< 684 

No, of commutiitor s(‘ctois, with single-turn loops 342 

Commutator diameter, say, 0-6 40 ins. 24 ins. 

„ . , 314 x24 

Commu,bitor s(‘ctor-pit('h 


342 

limiting value {(d)apter Fll, 17 (3)) 
Commtitator dia/neter 
‘ Average volts per sector 2/> . VJC 

Slot dimensions {Chai>tiT XIII, § 18) 
(I'igOM/,). 

J*ih h oj teeih. 

at top M m. 

at centre 1052 ,, 

at root r * } (MIS ,, ,, 


0-220 in., rather near the 
: hence- make 

26 ins. 

6 > 527 342 9-25 volts 

1-75 ins. d('(‘p 0-45 in. wide 

Width nf too^h. 

0-6> m. 

0 - t ^)2 ,, 

0-555 ,, 


Thickness of conductor, bve(|uation (81), 

/ - J(0-45 - 0 075) 0-035 ^ - 0-09 in. 

Height of conductor, liy equation (82), » 

C h - i(I;75 - 0-36) - 0-03 -= 0-665 in. 
Area — 0-665 x 0-09. , ^ 006 sq. in. 

RdSistance of 1000 yds. at 39*’ C. (68° F.) ^ 

* - 0-02445/0 06 - 0-407 ohm 
5/2/> =1 114/6 = 19. Winding to be long-chord, i.e. span of 
oop at back short of a full pole-pitch by one slot-pitch, or =J.8. 
y, by equation (49) — 6 x 18 -f- 1 “ 109. y,, " - 107 

Six equalir.ing rings of strip 077 in. x 0-09 in. joined to coils 
shown in Fig. 415. 
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f Ring. A B C D h£ i? 

No. of coil, or of bar in the upper layer . I 20 39 58 j 77 96 

„ „ . 115 134 153 m 191 210 

, .t .. .. . 229 248 267 286 305 ^324 

The radicl connecting pieces are riveted and sweated to the cur/ed 
ends of the loops ; the axial cf)rfnecting pieces to the front of rings 
A, C, E, or to the back of rings B, D, F, the rings themselves bdng 
insulated with niicanite, taped and coifipressed‘ by the small clamps 
against the back of thcrarms of the hub (cp. Figs. 414a and 415). 
Lcngfii of axial projection at either end by equation (83) 

18(1 -(KIS) (0*515) I 

““ 2X^1*005'*^ 0 515- ^ 2^ ^ ^ ^ ^ ^ 1*75/2 

-5*4-f 1-938 - say ?! ins. 

Wi - I X 18(1-052) 9-45 ins. 

Length of a co!npl(-t(‘ cnd-connexion, by equation (84) 

/' = 2jv''9W I 5-4^= I 25-58 ins. 

Length of a half loop ’l4 | 25-58 39-6 ins. - m yj. 

AV l)y equation (94) ^ 0-0085 ohm 

at 2(f ('. ; hot with 39 M'. rise. 1-10 :< 0-(K)85 -- 000985 ohm. 
859 ) 

/«A., '<• 6-00985 ■ 8-40 or 8-9 volts. 


Magnetic circuit and field ampere-turns up to the pole -faces. 

* Radial depth of armature core below slots (Mg. 414/>) 5J ins. 
Four ventilating ducts, each .J in. wide. 

Double section of core. 2//^A, : 2 x 5*5 x 0 9(14-2) 

— 118-8sq.ins. = 766sq. cm. 
Single air-gap, mean length - 0-185 in. — 0-47 cm. 

Polar a^igle - 42’. Ratio to pole-pitch, /i — 0-7 
Polar arc at centre of gap, A' — J7r(40185) x 0*7 = 14-7 ins. 

Pole-pitch on armatafe surface =- 20*92 ins. 

- Polar arc s. » ==14-62 „ 

' 6-3 „ 

Commutating pole-face width 2-5 

Two interpolar gaps 3 8 „ 

Half of one interpolar gap be't'veen a main and a commutating 
pole of opposite sign, c = 0-95 in./ 

c//, = 0-95/0'-185 = 5-13. y - 100". By Fig. 253, = 2-3 
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Betwei|n main and commutating pole of the same sign, using 
Fig. 254, ifi = 3-1. Mean value for both strips may therefore be 
' takefc. as All = i (2-3 + 3-1 ) = 2-7 * « 

W + Kil, = 14-7 + 2-7 X o-ias • 15-2 ins. 

Axial length of pole-face, L, 13J ins. n } in. 
fl/f, = 0vl75/0 185.= 2 03, By Fig. 254, K, -- F9 
wjt, = 0-5/0^85 = 2-7. By Fig. 256, = 0-35 

Lf 13-25 I 1-9 x O-IRS -0-35,x2 =rf^9ins, 
Efiective area of air-gap by equation (1 13) 

* - ^ 15-2 X 12-9 X 6-45 «= 1265 !lq. cm. 

wjl, = 0•^5/0•I85 .= 2-43. 0-65/0-45 :=■ 1-44 

K by Fig. 262 = 1-1.55. 

A T, = 0-8 11, X 1 -155 X 0-47 - 0-435 H, „„ 


Oa 


“ W ^ AT 


X 10“ 


8-77 ^ X 10“ 

A - 




At 500 volts no-load and 400 revs, per min., 10-97 megalines 

Allowing 2 volts loss over brushes, i volt 
over series winding with dfverter and 1 volt 
without diverter, and 21 volts over ^-om- 
mutating-pole winding 

at 500 volts full-IoSd and, s;iy, 396 revs, 
per min. 504*35 8*9 - 513-3 • - 11-385 

Ea at 5C5 volts full-load and, say, 396 revs, 
per min, -- 530-1 | 8-5 -- 5'^-6 - 11 -95* 


• 

No had. 

Full-load. 

Volts 

500 

500 

525 

Oa = in megalines 

fo-97* 

11-385 

11-95 

max - ^a/1265 

8670 

, 900p 

9450 

AT, - 

3W6 

3915 

4100 

B, - <D,/766 - 


14,850 

15,600 

at— \ 

14 

18 

25 

IJ2 = 5 ins. X*2-54 = 12-7 cm. AT, 
e = M X l'2-71%/10-8 = 1-295 * * 

e'= 14/10-8= 1-295 * 

178 

*1228 

81:!. 

• 

Q ^ Fg mog = . 

Uncorrected density at crown of todth, 

11,250 

11,650 

• • 

12,250 

. B,,' = ? . B, , 

17,300 

17,9^ 

18,850 

Corrected say, 0-85£ln' 

14,700 

*15,250 

16,000 

Uncorrected density at centre, 

18 

.23 

36 

'18.7()0 

19,350 

20,380 
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' No-load. 

Slot-ratio, if „ = 1-295 x 1 ■052/0-602 


= 2-27 

Corrected density at centre, B,c 18,600' 

c 140 

X 10-« 0-3 

l^ncorrccted density at root, ^ 

^i2 Q • mazf^ti 20,300 

Sla:-ratio, /C.j -- l-29s5 x 1-005/0-5S5 

Corrected density at root, 20,00Q 

«2 X 10-® ’ “ 0-s 

rt/at, by equation (118) 1 54 

i K d 79 


V 2 = 175 X 2-54 V O-S 2-22 cm. 
Hy equation (119) ' AT^ 

AT, AT, \ A'I\ : ' at, 

say 

Heating oj armature. , 

When compound -wound bir v525 volts, 


233 


- 518 
4471 

- 4475 





19,000 

2om 

160 

'240 

0-31 

0-5 

» 

21^000 

22,100 

20,500 

21,270 

0-65 

1-0 

226 

394 

9^ 

138 

. 318 

532 

706 

1180 

4849 

5597 

4850 

5600 


- 8-46 >; 8S9 7250 watts 

Volumt; of iron . in teeth, 

• 0-6^)2x 175 \' 1 14x0*9(14 - 2) x 16*38 -21,300 emC 
Mean diam. of core below slots i^v5-5*5 * 31 ins. 

Volume of iron in core -- 31 x n x 2*54 x 383 

- 95,000 cur*. 

hVequemy, 3 x 400/60 -- 20 cycles pt;c sec. 

Joules iKT cm.^ per cycle — say, 0*0015 

Hysteresis loss 0 0015 x 20 X 116.;^0 - 35(X1 

Hyecnietion,;210) *>(*”"’ X 114* 

0-45x1-75 

X “ ;-JiMx40i X 0-1851 x 31 xl0'*“ 

'= 0-001785 


40* (5x9-45*x 14 -f 12 X 5-28*1 x 10-** = 0-0-12 


!• -= 0-04:i8 

/••.V«=.q-0438 x 400‘= 7000 „ 

Total loss in .armature = 17,750 ;, 

Ciwling surface, outer = 3-14x'40x(14-M4-75) 3610sq.ins. 

., „ "inner, corrected = 3-'l 4 X 34 X 14-75 = 1575 „ 


.5185 
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At pe\jpheral velocity of 4190, k = t'*C.x SJW 

• == 10-5 by Fig. 399. 

Surface rise of.temperature by thermometer. • ^ 

• *. . = 10*5 X 17,750/5185 == 36° C. 

A similar calculation when slwiat-wound and = 8-9 

X ^5 = 8050 watts but with lower flux-densities will show little 
variation, ihe two changes fH-actically balancing. 




Completion of umfeye-Ui^ns and field windiitg. , # 

A cast-steel pole core, 10 ins. wide x K't ins. parallel to shaft* 
with rounded coitiers, ins. radius (lug. 416) : , • 

area - 5 x 13 -j- 5 X 8 -f tt x 2^ == 124 .s(i. ins. .= 800 sq. cm. 
Doiiblf section of cast-steel yoke — 74-5 sq. ins. x 2 ■- sq. cm. 
By equation (123) 

- 10 X !?•! -I- U } 2-25 X 14 -f 0-6 x 40 87-5. say 90. * 

lo check this (cp. p. 246 for divisioits) - ^ 


(1) - 2-54 X 


13-25 X 1-25 
2-82 


15 


» 

-I I -86 X 6-25 K lug ' '** < 4 '^ 1-8 | f>-68-8-48 


(3) 


... / <-5 7-5 l 8-5 1-5 5-5 

-54 X I. X i g g- 

) 


1-5 4-5 Iv? «-5 1-4 2-5 1-25 1-5 1 0-5 


'^7-5 "^ 8" ■^' 6-9 ''^' 8“*^ 5 '' 8 ' 3- 1 25 ' 8 


(4) 1-86 X 6 X log 2 

+ i-86 X 6 X log ^ ^ 4 x ^ 

4-5 \ N 


1-5 


X 


-35-8 


a - 2 24 


\ 10 2-5 


-20-19 


= 154 ^ 8*48 -f 35-8 1 * 20 19 ^ 79-47. Adopt 90, «is assumed. 

Oa in meg«lines • 

= 1-257 X 2/17; X, 90 • • 


10-97 11-385 11-95 

1-015 :-095 1-266 




11-985 12-48 13-216 
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® J800 

14,980 

15,600 

16,520 

by Fig. 207 

16 

,20 

40 

= 11 ins. => 28 cm. AT„ = 

450 

560 

1120 

B, = 4> J960 

12,500 

13,000 

13,000 

ai, by Fig. 207 

8 

9 

12 

/,/2 = 19 ins. = 48-3 cm. AT, = 

387 

435 

580 

AT, 

4475 

4850 

5600 

, ^ ‘AT per pole 

5312 

5845 

7300 


m ^ r ’ X — 

^ain 'fmle winding. ^ 

Length of coil, 8 J ins. divided into three sections by two | in. 
ventila!iing splcices, and with | in. air channel between coil and 
pole-core. Net winding length -- 1\ ins. 

Depth of winding, IJin. approx. 

Length of mean tum= 2(5 8 ) -f ? 7 r x 3-4375 

^ 47-8 ins. ~ 1-325 yd. 

,, ,, filter „ ~ 2(v5 -f 8 ) -|- 27r x 4 -- 51-1 ins. 

i4r,i at 500 volts — 5312 

AT,^ „ 526 „ •-= 5312 x 526/500 = 5600 

Series AT^ - 7300 - 5600 - 1700. 

. L, , . 5600 

should .*. be X 1-1 about 3-6. 

Lm . 1700 

• 

,Tw(i shunt sections, each 2 J ins. deep axially, and one series 
section IJ ins. deep. « 

* • Shunt winding . — Retaining 2 volts in rheostat, exciting voltage at 
full-load Jtnd 500 volts =- J X 498 — 83 per pole. 

8 vl X 1000 ' 

Uy eq. (124) c' ^ ,, 325 ^ 20° C. 

Hy equation (1X6) d' -- 0-176/a/ 9-24 ~ 0-058, s.c.c. to 0-064 in. 


5i/0 064 ~ 90 turns per layer 
1-125 in. “ fo-9 x 0-064) — say. 19 layers 
Turns per coil X 19 = 1710 

Total yds. - 1710 x 6 x d-325 = . , 13,600 

•'/?,= 13-6 X 9-24 = 125-5 ohms at 20° C. 

» hot = 125-5 X 1-16=== 115-5 ohms 

/, == 498/145-5 - 3-42 amps. 

/,*i ?,/6 T- ' 283 watts 

Cooling surface of shunt sections with one end-flange included, 
S, = 51-1 X 5i f 47-6 X M25 = • 347 sq. ins. 

A C. X ,s:jir = 36 by Fig! 398 - 

Surface rise, f C.‘= 36 x 283/347 = say, 30® C 
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^ $ 

men Vunning compound, /, = 3-ll at no-load which will rise 
to 3-28 with the compounding ; the rheostat will therefore leave 
a m#giij of volts^nder the compound condition. • ^ 

height of 1 yd. = 11-55 X 0-024-15/9-24 -- 0-0306 lb j 
. „ „ shunt wire = 13,600 x 0*0306 416 lb., .say, 3j cwt. 

Series wiflding in two paraflels of 3 bobbins. 

No. of turns at^ 525 volts = 1700/427 4. no;ul>i. « 

1 ^S/S^O-SS in. Single spinil of bare copixa^on edge* 1 yi >fo-27 in. ' 
0 )' per 1000 yds* = 0 02445/0'27 -- 0 0907 ohm. • 

No. of ^ds* in all the .series coils =--- 1-325 x *4 x 6 31-8. 

Resistance of the 2 parallels 

. - i(0-03I8 X 0-0907) X 1-15 - {)mm ohm. 

Loss of volts =- 855* x 0-00083 -- ^ 0-7 1 * 

„ „ watts -= 0-71 X 855 -- 6(K3 y 101 per roil. 

Sg =: 51-1 X 1| -f- 47 8 X 1 -- 137 .sq. ins. 
t^C. = 35 X 101/137 - 25'J"C. 

Commutation, 

Carbon brushes, 7 ])erj)rush arm, each IJ ins.^ X J in. • 

Brush contact area -- 7-875 s<j. ins. per arm. 

CurrenVdensity — IJ(7'S75x 3) am[)s. jx-rsq, in. 38-25 or 36-25. 



• Fig. 417. — Conductors simultaneously .short cir^tanled in two 
,interjK>lir zones. • • 


Pitch of sectors = (26 x*3-l4)/342 0-238 in. • 

bi-b 


• _ /075 ♦)-03\ 
’ ■ " \ / 


barely o\’ef»3, but say 4 

V • 


Two zones of shoj^t-circuited coil-side^^ shown in Idg. 417. • 

Is. o/27r N • 

= 3 f y -f 27r I f- TT - 28-25 




o 277 

= 3x.-3 


6-28 


* 

or fty eq. (188) = ,2-.^ + 0-2) = 10-75 

r»/2M f 40/(6 X 0-45) = «-8. By Fig. 301, i. = 17, i, = 14 
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+ /« X a/ +7 h i, 

= 28-25 (1-39/0-45) + 4 x 10-75 + 8 X 17 
= 87-2 -f 43 + 136 = 266-2 

A,' hjw, + X a/ + /Jj Sj 

;= 6-28(1-39/0-45) + 3 x 10-75 ^ 8 X 14 
= 19-4 + 32-2 1,-112-.^ . 1^ 

‘ I -429-8 

C 

Iron length of core, (14 - 2 ) x 2-54 30-5 cip. 

429-8 X 30-5 13,100 , 

„ . * ^ 25 - 58 -12 

A' - Uc " 4 X 3 l'’Ky.gg5 3 

by cq. (189) . = 12 log 28-1 - 17-4 ’ e 

21'A' := 2 27-58 x 2-54' x 17-4 - 2,4^ 

' y -I- r. // 15”, 540 x 10 '" lienrys 


T by eq. (UK)) 

150 X 684 


0-75-003 
26 X 3-14 X 400/60 

+2 X 0-00001554 X 150 
0-001325 , 


y^/4/> 


ih =- 


12 

I, -257 mJZm 


8560 


1-257 X 0-9 X 8550 
l- 7 ,x 3-15 V 2-54 } ':)-;;37 


0-001325 sec. 

3-52 volts 

685 


I- Kl, 

L, 12 ins. 

V 40 X 3-1^ X 2-64 X 400^60 2125 cm. per sec. 

2 \verage by e(j. (194) --- 

.-i X 2.M xl» + ■' ■» - 

ComrnutaOng pole cast sblid with }oke. • 

Igr - 0-K50 in. “= 0-^181 'cm. 

A Tg, - 0-8 Bg, Kr Igr ^ 0-8 X 2V94 x M6 X 0*381 - 990 

Breadth of commutating pole-face by equation (205) 

40 

Wg - (0-75 - 0-239) — -1- 2-2' -0-12x2 = 2-74 in., .say 2\ ins. 

2b 


Effective tH)lar arc of commutating pole = Wg -f 2-25 Igr— 2-84 ins. 
Area of pole-shofi = 2 84 x 12 xr6-45 = 220 sq. cm. 
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<f), =\220 x 2794 = 615,000* 

1-266 x'l0« = 950,000 

<kr’= * 1,565,000 * 

• ^ * 

Commutating-pole core 9J ins. x 2 ins., with corners rounded to 
in.Vadius.^ Area, 7*^ x 2 x 1- - 18-14 s(|. ms. -- 1 17 sq. cm. 

1.565, (ibO/l 17 - 13,400 

at by Fig. 207 ^ 10. /^p 28 cm. ; , * , 

^-\0x2Hr:= * . 280* 

rtc (y/2 - z£-/4) - (10-46 - 0-625) -- . 8050 

j (13-216 bl-565)x 10*' <I>.„ (13-2I6 1-565) x lO^ 

- 15,400 * . - 12,1“^ 

at 18 « -- 9 

Diltcn-ncc 9 

{IJ4) x 9 - 24-15 :< 9 - ^ 217 

Bycquatioii (I7;i), .17; OJK) i 80 | 8050 1- JW I ^t? -9617, 

('oni]nutating-[)<,)l(* coils, 2 sirts in paralft-1, t;acli of 3 in seriiis, 
Turns per coil, 9617/450 say, 21}. • * 

lauigth of coil, in. 

, 8-75/22 0-398 in. * 

0-128 ,, ( l<-ar<ince ])etween turns 

• 0-27 

« 

Single open spiral of ban; copjx*r, 1 in. :< 0-27 in. as for .series 
inding. , • • • 

Mean length of turn -- 2x7-5 i-27rx 1-875 26-75 ins.- 0-743yd. 

Outer • r 2 X 7-5 f 27.^;-; '2 :t75 ‘A-Siits. 

No. of yds. in all tlie ^ommulaliii.t; I'ofls ,0 /l3 x 21 J X 6 == 96 
Resistance of the 2 parallels, hot • 

* , =--- 1(0 096 X 0i09(17j.x 1 13 -- 0 00246 ohm. • 
Loss of volts -- 2-21 or 2-1.^ • 

Watts — 1990 3.32 j)cr pole. 

Cooling surface — 29-8 x 8J j 26-76 x 2 ^ 313r5 sq. ins. 

For open spiral, k = say, 29. ^ 

r C. = 29 332/313-5 - 30-7° C. 

Weight of 1 jd. := 1F55 X 0^7 3-12 lb. * 

,, serfes and comm. Jx)le coils “<312(96 f 31-8) -- 4(X) lb. 




ViG. 4 18. --Fi('l<I-niagntv*^ .onnexioiis of 450 k\V dynamo, with development 
when Iho uppermost polt) is divi<led and the }oke-ring opened 
out from the top. 


Heating of commutator. ^ 

Peripheral sjxied of commutator, tt X 400 X 26/12 
== 2720 ft. per min. 

Total brush pressure at IJ ’b. per sq. in. 

= 1*5 X 7-875 X 6 = 71 lb. 

Taking /z ^*0-3, by equation (214) brush friction 

=:<0-3 X 71 2-72 X 22-6 = 1310 watts 




DESIGN OF CONTINUOUS-CURRENT DYNAMOS 269 

• • # 


X 903 when running shunt-wound = 
Brush fri<jfion loss - 

External cylindrical surface, tt X 26 x 16 1305 ) 

OnJ face of lugs 1^x3 X 842 1540) 


1806 watts 
13I0__,. 
3116 , 

2845*= 5. 


S/j 1 -f 0-3 X 2-72;-3| = ms X 2 1 = 5960 

By equatiou (diaji. XXI, § 27). C. =55 x 31 16/5iK>0 = 287° C. 


Efficiency, at full-load, whiai running compownd 

I * 

'*0 

Hystere^s loss 
Eddy loss 




• 7250 Vatts 
3500 „ 

7000 „ 

1715 „ 

i\m „ 

1.5(i0 ,, 


Rheostat 160 

Brush friction • l.'ilO 


One bearing and air friction 2000- 

9 

Total losses • 26,485 

Output 450,000 

• • 

Input 476,485 „ 

Efficiency 94-4% 


§•12. Farther illustrations of machines.— Fig. 4J9 shows a 500 kW 

generator, 250 volts, 2000 <imperef, for direct drif ing at revs. 
ix:rmin.,and ius further examples of the d(*sign of larger continuous- 
current generators there are* added idjotograply- ‘ of*t wo machines 
built by the Allis-Chalmcrs Manufac/uring to. of Milwaukee, 
\^isconsin, U.S.A., and of a third manufactured by the Oerlikon 
Co., Switzerland. » • ^ 

Fig. 420 shows a ijirgc slow-sprred •na<4Miie for 1500 kW, 240-250 
volts, 90 reVs. per min., built by tfte Allis-Chalmers Co. for direct 
coupling to a Diesel oil engine. On the other hand, Figs. 421 
{a, b, c) .show a machine *for 3000 kW/ 300 volts, 1 0,090 ^mperes, 
300 revs, pertnin., supplied by the Allis-Chalmcrs Co. to'thc Norsk 
Aluminium Co., Norway, and dri^n by a water turbine. Fig. 
4216 shows tfie armature dbre ^th commutator of^ shrink-ring 

* For whick the aruthor is inde6t»<l to the coui^esy cJ the firms named. 
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construction ; one of the wain points calling for care in the design 
of hydro-electric direct-coupled units is the high speed that may 
be attained by the water turbine or water wheel, and in the pi;esent 
<5ase an overspeed of 540 revs, per min. luis been taken into account 
in the design. A novel feature is that by means of a hollow brush 
yoke support, ring and h()llJ)w brush forks, air is blown on to the 



500 k\V (lynanio. 250 volts, 2000 atnpcn's, 
300 rvvs. jHT mill, 

(Mcssi's.' W. H. AUrn, Sons Co,, Ltd.) 


comivutator, the brush forks having holes drilled in diem so as 
to deflect the air on to the commutator directly in front of each 
bnish. The auxiliary blower furnishing tiro air is seen in Fig. 421<i. 
The bracing of the end-connexions of the compensating field winding 
is well seen in Fig. 42 Ic. 

Another large continuous-current djniamo, driver, by a water 
turbine at 300 rev's, per min., is shown in Fig. 422. Three such 
machines were constructed by the JCorlikon Co. ‘for the Chippis 
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(Valais) works of the Neuhausen Aluipinium Co. The normal 
output oPthe machine is 2650 kW, 340 volts, 7800 amperes, but 
it is capabR of a continuous load of 3000 k\V, 375 volts, *8000 • 
am^es*. Furthei, it is capable of overloads of 2*5 jHir cent, fof 







2 hours (10 per cent, increase in voltage, 15 per cent, in current) 
and of 50 per cent, for half an hour flO-15 per ccnt.*ir£rease in 
•voltage, 40^ per cent, in current). Its efficiency, as calculated 
from measure^ losses, is 93 per ceyt. at half-load, 94-5 per cent, at 
full-load, and the maximum temperature rise after 2^ hours' run 
45® C. The ^commutator *ha.«, 3 shrink-rings, and cifrbon brushes 
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are employed. The shaft is carried od high pedestals to render 
the lowest ^brushes easily accessible ; while a ladder, insulated , 
fronvthe baseplate, enables the highest brushes to* \ye attended ^ 
easily.' The number of poles is 20, with the same number of 
commutating poles. • ^ 

The continuous-current turbo-dynamo, coupled directly to the 
steam-turbjpe, being mow less frequently built, it suffices to state 
that in the I^urg^r sizes for central station work, the field-magnet 
has usually been totally.cnclosed by cast-iron casings at the finds, 



Fig. 42k. — Ficld-rnagno* of 3000 kW dynamo of Itig. 4ila. 

• • 
f • • 

^ that only the commutator projects iirt# the open, and the 
• ventilation is theji assisted i»y a fan idounted on the ^haft at the 
rear end of the arm^iture where the ^ir %nicrs. On leaving the fsdi 
chamber, the stream of air dividesi part piussing through the •bore 
and past the compensating winding ends to an outlet at the top 
of the machine, and part*passing by a^ial canals into (jie armature 
core outwarc}^ through radial ducts into the bore to jointne former 
• stream and iso partly onwards to#the front end of the armature 
» past the winQing, whence it is driven out by the commutator 
lugs. ^ • * * ♦ * 

A non-sahent-pole construction of fiel(Vmagnet has often been 

18— (50«5*a) 
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employed,' built up of discs slotted on the inner periphery to receive 
the exciting toils and alSo in quadrature with them the compensating 
windMlg„^o that ^'hen hnished the interior is practically smootli# 
The'scheme of the compensating winding as employed ly Messrs. 
Browh-Boveri & Co. is illustrated in Kig. 421^ for a 4q)ole machine ; 
each ^mall inner loop emlmices a broad coinimitating tooth lying 
between tw® larger i^ols which hold the main field-coils : each 
pole-face theiv has several slots to take the gompensating turns of 
copper strip placed edgcAusc in the slots and lockt^ therein by 
w'edges. 

§ 13. Measurement o! losses by calibrated motor#-- Tlie three 
principal methods of measuring the losses which occur in continuous- 
current dynamos may here be introduced as bearing on their 
design. 

Given a machi^ie wliose lo.ssos as a motor at different horse-powers 
and speeds have been ^-ery ('arefully d(*l<‘rmined with its brushes 
adjusted to the best position for miniifium loss, it fan then be 



Fig, 423. I)cv(1()]h>(1 (ha.i;rain <»f i ompvusating fichl-winding for 

turbo (iynanios. * 


rigidly coupled to another macliine, and th<‘ losses in tl-e latter 
determined from the horse- power transy.ilted tlirough the coupling 
from the motor, t.e. fioifl tlie additional watts taken by the motor 
.so far as these actually corre-spond to useful horsc -jMAver. In this 
way an unwound cc)re um*xeited 1)Ut with its wdoden wedge.s in 
place or its slots temporarily Idled with wood .strips can be tested 
for friction and winclagCH fur*brush friction, amk when excited, for 
its additional no-load k)ss due to hyejteresis tmd eddy-currents 
in its core. But in any .such test (he ^accunfte alignment of the 
•shafts within theii* l>earings i^ very impotlant, and thf; frictiona| 
losses should be .six*c^lly checked anc* coM^fared with tho.se which 
may be debited to each machine uffder normal conditions. Since 
the friction loss is inversely proportional to the temperature of the 
oil, the machine must btj run for a sufhcfienl time to allow tfie bear- 
jugs to reach a constant temperature, f urther slight changes in 
the pressure on the shafts due to unbalanced magnetic pull when 
•the field of the driven machine i^ excited may caus^ a slightly 
different alignment sufficieht to alter tW friction appreciably. 

I 14L Meylnieident of ]one( by moU>r^nlrr&nt method.— The 
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second method^ consists in running the machine as a motcS" without 
, load at various speeds, and noting the current through its armature, 
t^ie voltage app'lied to it, and the speed, the excitation bem^ept 
constant ^t the desired value for each reading of these quantities. 

The mechanical power de\iell)pcd in the armature of a continhous- 
current motor is Ea X la ~ (Vs- laRa ~ laRb) Ia> where Vg =« the 
potential difference impressed on the motor ariViatui^e at the brushes, 
/a— the current through it, and are the resistances of the 

armature and; of the two sets of brushes*of opposite sign. Since 
the mofor js now assufned to be mnning light, is small, and with a 
fairly /arge ainiature of low resistance IJ<^ is pActically negligible 
as compared witli ; the loss of volts over the resistance of carbon 
brushes should, however, be taken into account even at no-load. 
Subject to this deduction, the back li.M.I''. of the motor is closely 
ecjual to the voltage im})ressed upon iK and with a ^ixed excitation 
the speed is easily varied throughout a wifle range by increasing 
or decreasing the applied •\'olt age. Since the held d>a during the 

• p 

test is kept constant, the back MM.h. of the armature /:« - x 

N ^ 

i' X 10'*^ volts is proportional tq the speed, and when plotted 

oO c 

in relation thereto gives an inclined straight line passing through 
theoorigin (Fig. 425). ** 

AgainJ'since m constant, the total tor(i^ue rotating the armature 
is pif)portional to the curri;nt 7^. The latter may tiierefore be 
mentally sjdit up iiitolhree portions, the lust supplying the tpr(pie 
7o overcome the resisting force from friction of the bearings and 
windage,4he second corresponding to the tonpie from hysteresis, and 
the third to that from eddy-currents. For t4ie* moment let it be 
suppo.sed that the first item has beiui dedflcted from and that 
the remainder whgi plotted in relation to speed giv'cs the line«4/i 
(Fig. 424). NoW, tlfe los.ses fft)m hy:»teresis and eddy-currents 
l>eing primortional resjK'ctiv'ely to the spt^cd and to the square of 
the speecl (Ciraptor. XXI. 21-23), or 11 . - HN -f FiV> 
(where // and E ate two lonstants for th« machine with a give^ * 
excitation), the torqfli! from hysteresis is cc H and is a constant, 
while the tiyque from eddies is oc ET^^ and is proportional to the ' 
speed. The required ditfekm «f the current is at once obtained 
as sh’own in Fig. 424 ; for it miftt made up of a constant portion 
of height OA and a portion rising in an jnclined straight line OD 
from they origin in proportidii to the si)eed. If we experimentally 
determine ‘a number of points on the line AB, by«producing it, 
backwards to cut the vertical aA4 the constant H can j^e determined, 
and from the differences, sa^ f*Q - QG, the constant F can be * 
determined. 'The rate of loss in wajts Yrom beyh hysteresis and 

* Ehctrician, Vol. ppf 699, 700; ai^d Vol. 27, p. loil. , 
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eddies al any particular speed iV is then obtained by multiplying 
together th^ corresponding ordinates of the current mid voltage = , 
qp ^ ; the watts absorbed by hysteresis are - QQ x E* 

and by eddies are 11'* = GP x E^. Thence H -- ir„/.V and F ^ 
Or if the iron losses at two.siH‘eds and A”,, fhe former 
high and the latter low, are respectively and tcj, the two 
coemcienti^^ are • , 

\ j- A’j.ie-i-.V, .!fj 

■'■av.a'.-a'Xa^, 


So far-^he loss from friction of the 
bearings and from windage has lieen 
supposed to be^previously known and 
eliminated. For a ccfhstant intensity 
of pressure per square inch of bearing * 
surface and for a constant tempera-* 
ture the law that the coellicienl of 
friction, and therefore the torque, varies 
as the square root of the vetoeity of 
the shaft, holds as approximat(‘ly true 
for all ordinary periplieral sjieeds rang- 
ing between ISO and *500 fi'ct per 



Fig., 424. — Scip-initioa^of 
c(l<ly-(.yrr(‘nt from*hystpresis 
and friction losses. 


minute (Chapter XI If, § 12). Hence ^ 

in o^inafy running the friction torque and the component of 


the no-load motor current which is proportional th(jrcto, when 


plotted in relation to speed, should be slightly lu^w'ed or eoiu ave 


to the horizontal axis. • 

On the other hand, tlic torque from Win air resistance is approxi- 
mately proportional to the square of the sj)ee.l, e.s])e<'ially when 
there are ventilating air-<fticts w'ith nunurous bfides int(Tspersed 
along the armature core- ; jy^d since the aim of the^designer is to 
produce the maximum <^f cooling action, by dis^xising the armature 
' >jpnding and arms of tlfe end-plates to ''act ^is an effective fan, the 
, proportion of the air-friction^to tliat oj the Ixsarings may be quite 
* appreciable. Tluf loss from bearing frichon and windage is thys 
Wf == ^ = /ftA’*'^ f /aA'-'*, and^ftie effect is Ui raise the frytion 

current with increasing sjxicds more nearly to a constant quantity. 
There is thus some justifVation for regarding the loss from friction 
and windage as more or Iqss proportional to the speed,’ 9* as equal 
•to the speed rflultiplied by a coefficient analogous to // for hysteresis. 



I ^ For certain Cautions as to the application of the.se values in designing 
armatures, vi(U Chap. XXI, ^18, • • ^ • 

• The tme law •fjf the windage lo.ss has, however, l)een shown by 
Prof. W. M. yUomton {Joum. I.E.E^, Vol. 50, p. 498) to be very complex. 



278 


CHAPTER XXII 


On this assumption, for = HN may be substituted = 

(H -f f)N, and the total current is again an inclined straight line 
^ in Fig. 424, “but divisible into the two portiops, viz. a constant 
amount proportional to the torque from hysteresis, friction, ^nd 
windage, and a portion inci^asing with the speed*, so that ♦ 

H -f / ~ ^ and F jik before*^ ~ • 

« 


U 

6 

8 

7 

0 

4 

* S 
4 

3 

i 


* Revs, per Min. 

• * • * 

I' lG. 42.S. Miitor-t urront trst of dynanio with armature 
ff • 12' (liam. \ T' Iwnj'. 

• ^ ' 

* * • 

ExjKu iment shows ^Uat in most cases the total armature current is 
not far from a straight line, fdthough (iften slightly bowed. At high 
jq^eods the ftrqiie from jp-fri(^tion increasing faster than the speed 
maytrcnder the current-curve tii'en convex to \hc, absc«;sa axis.' 

Fig. 425 shows the ob.served results of a test on a small machine, 
the values of tlie induced F.^.F. being gi\*\‘n by the inclined straight 
line passftig* through the origin, and the corresponding values of the 
armature current by the inclinc|l straight line which, wnen produced' 
backwards, gives the initial or starting value of 2-85'amperes. The c 
true curve i:f probably shown hy ftie dotted line to which the straight 

^ Cp. the experimc/itallyfobtaincd figip:cs, Electrician, Vol. 52. p. 831. 
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is 85 X 2*85 — 242 watts, and the differejjce of 4 ainjjorc^niultipliea 
by 85 volts^ives the loss by eddy-currents in the armature, namely, 
340 watts. ^ ^ 

Fig. 426 gives the correspondyig values of and for a larger 
4-pole rnachine jk\ith tocTthc^l armature 21 " diam. x* 1 1" long under 
three di^eVent degrees of ej^itation ; the ampere-turns per pole 
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were respectively 4850, 72^0, and 9675, and the air-gap ^iensities 
^6200, 7140, and 7600. At the normal speed of 400 rev^. per min., 
ajd the intermediate excitation, the losses by frictjon, windc^gflp&nd 
hysteresis and by eddies are respectively 545 volts x 0-945 arhpelres 
— 515 wa^ts, and 545 x l-p»^ = 565 watts, making a totad of 
1080 watts in all. , 

Owing to the objection that the los%from tho mecliani^al friction 
of the bearings and by^ windage is no| strictly proportional to the 
speed, the motc^-current test is inferior in acouraOyio the retardation 
Vnethod'io be (fescribcW. in tlie next section ; yet it js simpler and on 
the wl^jle yiej^ls nuu'h usi-ful information, so lofig as the current 
readings do not diverge greatly from an inclined straigj^t line. It is 
essential with carlxai brushes that thcar position should b^ adjusted 
to give the minimum loss, since by an incorrect setting a considerable 
additional loss can result from un(;([yal current-density over the 
'contact surfaces of the brushes. There reifujins, too, the objection 
that it is diffionlt in practice to keep the bearings in a steady normal 
state under the changes of spetxl which are a necessary part of the 
test.^ Usually a nm of three or four hours is required to attain to 
a steady temperature of the bearings, without which all motor- 
current tc^ts arc open to considerate inaccuracy. Even then a 
•change from a higdi to a low s|)eed temporarily reduces the friction 
loss i.o a value belyw tfiat which would be obtained in steady 
running, 5r vice verm for tin; reverse chang#', so that some minutes 
must be allowed to elaps(; before reading the current after a change 
of speed. It is best tf> take two sets of readings, the one jvith 
•ascending and the other with descending speeds, and to note their 
exact sequence. ^ At very low speeds the friction may increase 
owing to the lessor amount pf oil swept into <hb bearing by the 
rotating shaft, or owing to the oil rings failfng to act steadily and 
satisfactorily. , • 

§ 15. Retardatien ol ** running-down U method of measuring 
losses. — The third or retardation method, first applied by M. Routin,^ 
nccessitate's a l^nowl(jdge of the momcivt of #inertia of the rotating 
armature, but possesses st-vewd incidental advantages. No assump- 
tion is made as to the'U^w which the friction obeys, and its actual 
amount can 4^e very accyrrilely ineastTired, sincct the changes of ' 

'speed are automatically ’mfide* in a definite ^quence and with 

• ' • ► 

» Cp. Finzi, K.T.Z. (19t)3) p. 917. 

« Electrician, Vol. 44. p. 323. ^ 

• L'KclaiAige* Electrique, Vol. 9, p. 169; Dr. Alfred Hay, Electr. Review, 
Vol. 47, p. 287 ; Chas. F. Smith. " The Kxpcrimental Determination of the « 
Losses in Motors." Joutn. I.E.E., vd'. 39, p. 437. The reader is especially 
referred to Prof. D. Kobortson’s paper* on " The Separation M the No-load 
Stray Losses it Continuoiis-ciitTeiV; Machines ^y Stroboscopic Running 
Down Methods," ‘Journ. I.E.E., Vol. 53, p. ;J08, where other refeijenccs are 
also given and many points o^ detail discu^d. '* 
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perfect ivgularity in each repetition ofMie test. Tlio armature is 
first run uj^to or abo^se full speed, and the driving power is cut off ; 
it iggdien allowed^ to come to rest, while at small wUervals of time' 
thd speed is measured cither directly or indirectly. If the sj>eeis 
are converted into angular velocities (w ^ 2nNliM)) h radians 
per sec. and plotted in relation to time in seconds, at any given 
moment 1^ w be tlm angulai; velocity, and let .a tangent be drawn 
to the curve /it the point corresponding to the moment in (piestion. 
The tangent then .measures t!ie time-rate of* change of the angular 
velocity, or dcold(. Let I Mk^ be the mojnent of ineitifi of the* 
revolving part in*C.G.S. units, i.c. in grammes of ma.s*s x (centi- 
metres) 2. At any point of time as the rotor (annets to rest tfie rate 
of changj^of ils angular momentum is etjual to the retarding torque 
acting on it in C.G.S. units ; or 


• _ ^do) * 

- I dyne-centimetres, 

and the rate at which the stored kii^dic energy is ('Xpended in 
overcoming the retarding torque is 

Toj - /(o — ^rgs per .secoml, * 

Ul m 


dot * 

- - /to-,-- X Kb’ watts • 

(It 

Sine# a lwIogrammc-(metre)“ is 10 ’ ('.(LS. units, the moment of ^ 
inertia 1 is best expre.ssed in kilogramme- (metres)-^, when the factor 
10'’ cancels out, and tin? expression reduc«‘s to • • 

. doj 
watts — - 10 )— - 
. dt 

Since the velocity is u.sualiy measifred in revs. ])er*inin., and plotted 
in relation to seconds of .tiim;, this may also cpnvcyiently be 
expressed aj * , • 

. \2TrN 2 tx dN* , 4V ^,dN 

^ 60, ■ (SO ■ II* '^*;(600 ^ 'dt 


dj^' • « • 

001095/.Vv;7 
. dt 


. ^ 220 ) 


where / is in kilogramme- (metres)^. But the tangent ^to the curve 
must then b^ read off in terms of the scales to which the curve is 
plotted. ^ i 

The watts fhus obtained are at any moment equal to the rate at 
which energy is dissipated in friction of bearing.s. tnd brushes, 
windage, •hjrsiertfsis, and edcl^-currents. ^Thus if the retardation 
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^eld cxated to various strengths, a complete anaLvsis of L 




losse^ may be ...ado. After the exf^-rinumtal curv,^ have been 
taken, the dJT,ved a.r^•es of d,4ii, „r of JNjdt, should be plotted 

ition to o) or A, the tangeaUs at a imifilx*r of joints being taken 
to clu'ck the c^.^reqtness with ^hich they hate bebp‘dc^duced. 


SO as 
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* • 

The toi^ue is then proportional to dX/dt curves, and the watt 
curves ara^btained by multiplying dXIdt by A' and by the constant 
00*09,?/, ^ • 

Fig. 427 gives the retardation curves of liit* same dynamo as t^at 
forwhich the motor-current readings are given in I'ig. hfi ; thence • 
art; obtained the derived curves of Fig. 428, ami finally Ihe total 
and the friction pim windage losses of Fig. 429. Hy deduction of 



friction and vvindaji^e loss from tln‘ total tlic curves of Id'g. 430, 
for the losses by hysterysis an<V eddy-<'iirrrnts,,are reached. The 
moment of inertia of the iirniature was 17-875 kilogramme- 
(metres)^. ^ • » * 

In ordet to deteriiiine the bearnj^ frictiwn and windage, tlie 
retardation curve when the held is not e.\fi*ed is be st taken by tlie 
following methiid. The ma^une is coupled by Ik'U to^i small motor, 
and by its means r^in u{) to a little ajiovriUvfullsjK-ed ; the ri^volutfons* 
are tak^n*on a sjx-ed-counter, and»the voltage due simply to it^sidual 
magnetism is read on a low-reading v()lUnet<*r with a pair only of 
small bni.shes resting oh the commutator ; the driving l>elt is then 
thrown off, and at intervals of, say, three seconds Hie voltage is 
read as it gradually dies away. J'l'he sjx'cd of the armature as it 
comes to r^st is then simply profK/rtional to its voltage, and by 
means of the residual magnetism ban be measured Indirectly, and 
more atxnratt4y th’an by*a^ tachometej, wlrich in itself adefe an . 
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indeterminate amount of friction and inertia comparable in small 
machines with that which is to be measured. Next, ,the field is 
excited, and tho machine is run at its full speed as a motoi;. ^v^The 
armature circuit is broken while the voltmeter leads are left attached 
to the brifthes ; tlic same rpiidings are taken of the voltage as it 
dies away, and a second curve is obtained. If the time of corning 
to rest is too short to allow of accurate readings being taken at 
successive intervals of a few seconds, the process must be continually 
repoetted, a stop-watcli being started each time, that the driving 



power is cut off, and again stopj)ed when the voltmeter needle 
passes a prearranged point. ^ Jl'lu^ diff(‘ronce l)et\i’i’^en the two values 
of dNjdt on the two curves for the same sjKl'd N of the armature, 
when multiplied by^ 0-0 1095/ A’’, measures the power absorl)ed by 
the hysteresis aniUxldy-currents in the, excited field, and the latter 
may be given any desired value in order to test the effect of the flux 
in a given arindture. ^ The siibse(pient separation of the hysteresis 
loss from that by eddy-currcHts must be made on the approximate ^ 
assumption that the hTftner loss is projwrtional to the s[)eed, and 
the latter to the square of /he speed. Or gniphicady, by the prin- 
ciples of § 14, if the watts 'ihUi to hysteresis and f.ddies are divided 
by the corresponding voltage, and the current so derived'is plotted 
with the voltage as abscissa*, an inclined straight line is obtained, 
of which the uitersection with the axis of ordinates measures the 
current required to overcome the torque due to hysteresis, while 
the line drawn parallel to the .^raight line of total ^current but 

* For the awirato nietosureinont. of •the speed, Prof. D. Robertson has 
devised a special stroboscopic disc, which i;j fully described in t^e paper 
referred to in the preceding f<jot-notc. * * 
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• • 

passing %rough zero .measures the cun-ent required to overcome * 
the torque^ue to eddy-currents. 

I^a.l^eavy fly,-wheel be attached to tlie arniitture. the grcjjt* 
advantage is gained that the time of slowing down is extended, and 
espetially when -the field is excited jnd the retarding* torque is 
considerable, the measurements can Ix^ much more accurately taken . 
Further, since the mbment oi inertia of a fly-wheel with heavy rim 
can, owing .to its ^symmetrical sha|x\ he ^easily and accurately 



Fig. 431. — Hctardation tost of 12“ x 1“ dynamo. 

• * ^ * 

calculated <i.s 7,^, an approximate cah ulatiol? of the moment of 

inertia /<, of the armature alone will lead to.hjit little error, since the 
total value (7,^ 7,,) lues iiinv to lie luhstilutc d for 7 in equation 

[220). Care must ^how(;\'er, Ix^ tak^n tli^\ the Uiaring friction is aot * 
»eriou.sly altered by the addition*! too heavy a fly-wheel, causing 
lefloction of the shaft. Thi5 again may be checked by taking 
;wo*no-load retardatiort curves, with nnd without the fly-wheel; 
aking the calculated va4uc of 7^, the friction loss decfuci^*d from the 
:wo curves should coincide, or vic^ versa, the value of the moment 
)f inertia olkained for the annatare alone from the formula, 

r -pi ^ * J 


• ( 221 ) 
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(where dcoildt and dm^ldt are respectively the rates of chafige with 
and without fly-wheel for the same value of w) should Agree with 
Ihe calculated Thus in Fig. 431 a' fly-wheel of known niortient 
of inertia 1-8 kilogramme- (metres was substituted for the 
usuiU pulle^ of the same dyiYii#io for whidi the curves of Fig. 425 
were found. The upper retardation curve was then obtained 
with the field unexcited, the sjx'ed 1^‘ing measured by^means of 
the volts from residual magnetism a^^ given in the third scale of 
ordinfttes. Ati60() revs, per min. or (u dcojdi ~ , 

Angular Velocities and* seconds of time being ploUed to the same 
scale aijd the angle a, being 47*75° ; at the same'sjx‘ed and under 
the same conditions but without the fly-wheel, 0 ^ 2 /^^ was - 2*62, 
the angle being 69*1°. Hence , 


1-3 


and the total ^.moment of iiautia of armature and fly-whccl — 3*1 
kilogramme- (nietr(‘s)''*. In any such nu'thod, since the denominator 
is the diffenau'c between two (|uantities, accurate readings are 
necessary to avoid considtaable error. 

The moment of inertia of an armature of moderate size can be 
^convenientfy deter;nined by direct measurement of the periodic time 
of a ^complete oscillation*- when it is hung vertically by a bifilar 
suspension-. If tlu; (Vo t)arallel wires, each of length I, are at ecjual 
distances of a from the vertical a.xis (Fig. 43^). the radius of gyration 
k is found from the fonwiila for the periodic time^ 


/ I 

V K X 


-4n^/ 


whence if A/, and m are the masses of the M'mature and clip and 
of the clip alone, and and Tj,^ Ihe corresponding periocyc 
times, r • » . 


To give la in kilograhime-(mt.‘tres)*, a and / Vuust be expressed in , 
metres, g 9*81 and and^;« are in kilogrammes of mass ; or if 
and /' are i^ feet, and UVand w are tfie weights ift lb., 

la “ 0*0344 (ITZ'pi* - a'y'pa*) kilogramme- (metres)* 


The length pi I sliould be great as compared with 2a. 

In the ca.se of a large armature, if its shaft of radius a t,s supported 
on knife-edges and it is set swin^ng with a small weight attached 
at radius I from the axis of the shaff (Fig. 433) , the radii^ of gyration 

^ Cp^ Joum. I.'E.E., Vol, 31. p. 664, “ Thj Breaking oUShafts ip Direct- 
* coupled Units," by Messrs. F|ith and Lamb. * * 
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* . . . * * 

of the sn&ll weight itself being negligible as compared with I and k, 
then for snajll osdUatisns the square of the radius of gyration of the 
ami^ure alone is , ‘ 

• •*” • 

m C 7' 2 ) 


where m is the mass •of the attached weight, .1/ is that of the 
armature, 'I\ is the time m seconds of a compUde swing to and 
fro. Neglecting small in comparison w!th k-, then hi«-e 




I k,. 4a:t, 


and if w is tl^e weight ii^ll). of the small^attachstl mass, and /' and 
ql are in feet • 

1 *=* 0*0344 ?£'C 1 7 - l-2i ^ ^ |kd<)gramm«^(metres)* 

fhe armature can aft; rna lively he act rolling on ( urved knife-edges, 
the radius of which is accurately known ; ,the jxaiodic time of an 
oscillation tluLs ohtaiiiedSupplies a third means for cakulating its 
moment of inertia. ^ - 

• With still larger armatures having^onsiderable moment of inertia, 
a retarding tdfque may be applied’ by means of a mechanical brake 
formed by a band or cord passed Over the shaft or pnliey, with one; 

‘ H. Cofto*, BeShna, Vol. 10 tl922). p. 132. 

• ^ * • 
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end carrying a weight and tlie other end anchored to a spring balance, 

^ or by means of an electrical load. ^ Thus the second intermediate 
cjirve of Fig. 461 might equally well have been obtained by an 
additional mechanical torque if the difference between \he 

* reading of the spring balanc^^ind the weight had been 4*16 ib. ~ 

1 *885 kilogrammes weight at a speed of 600 revs, per min. and the 
radius of the fly-wheel or pulley to ^hich the brake ^vas applied 
was 10 in. = 0-254 metre ^ , 

^ *To — - 1 1^5 X 9-81 X 0-254 — - 4‘7"metr6-hectokilodynes. 

The moment of ineftia of the armature and fly-wheel is then 
• • 7’o 

doiJdt^o)ijdt (222) 

-4-7 

' ’ M ^ kilogramme- (metres)*. 

When electrically loaded with an output at the rate of w watts, 
for Tq will be substituted ?e/e). 

When fully excited and ‘ with the fly-wheel fitted in order to 
prolong the lime of coming to rest, the lowest curve of Fig. 431 
was obtaiiK'd, whence; at 600 r(;vs. ,,per min. doyjdt ~ - 3-5, the 
^ angle «g Seing 7*1* I*". The watts expended in overcoming all 
losses hre at (^K) revs* per min. 3-1 x 62-8 x v3-5 ™ 680, while 
the rate 4 T loss by friction and windage is 3-1 x 62-8 x M = 214, 
the difference of 466 watts being the loss by eddy-currents and 
hysteresis, which may be compared with the figure of 340 
, obtained for the eddy-loss alone from Fig. 425, Gnaphilally, 
as shown at the side of Fig. 431, if the watts absorbed by friction 

* are tlic watts absorbi'd by eddies and l:^vsteresis are W/ X 

or if with the tiy-whecl in pos^ion a brake had been 
applied to give the intermediati; curve and the watts absorbed by 
the brake were ii!'/ - the \Yatts abp)rbed by eddies and Hys- 
teresis are 7C| x BB^^BB'. The curves, such as Figs. 425 and 426, 
may also theimx‘lves be used to dctemkne the moment of inertia of 
the armature ; if iij. any speed and excitation the waitts taken to 
drive the armature aSv,a motor are iv, and the rate of change of the 
revolutions at the same s}^;ed and excitation i^ dNjdt from the 

retardation Cjhould give in Ml cases^ consistent 

values of the constant C — 0-010^5/. Indeed the two methods 
of the preceding and the pr«»sent sections*’when combined afford a 
useful chtxk'upon the readings taken by tiic motor-cutjrent method, 
since for all speeds the determination of / from the retardation curve ’ 
must give the same result if the Yeadings are correct.*^ 

1 Cp. Miles Walker, The Din^nosing of^TroubUs in EieeiricaL Macktnst, 
pp'7<76. • , , • 
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The moment of inertia of a continuous-current armature may 
also be dir^tly determined electrically by a method due to Dr. G. « 
Kapp, .'•ii> which current is supplied to the armature first si) as tD 
accelerate it, and then so as to retard it or to keep it- DMnning at 
constant speed. • * • • * 

For retardation as for motor-current tests it is essential that the 
machine should j)e run l)efoR4iand for a sufiicient nunilHT of liours 
to allow of the bearings reading a steady t(¥n|H^rature, since. yjKJii 
this depends so lai)<ely die friction loss. | , 

• * • * 

§ 10. The frictioi^ loss. sh«)ws that, a.s the .spi-rd ii^crc.ts«‘s 

from rest, the cootficienl of friction at first falls rapully. is fheii^ieaily constant 
at its minimum«valne within a small range of .siw-ed. ayd lastly n.ses, giving 
a I 0 S.S afte% the l-.Sth power law. torn-spomiingly each n tardation curve 
when very accurately taken shows loward.s its eml .in iiu-ersion point and 
sharp fiend {cp. I'lg. -t'J?). The e.\.u t location of this point at winch a kind 
of seizure takes piju'e is chiefly dl-()endent upon the speed at which tJu: co» ^ 
elhcieiit of friction reaclic.-^itf rninimiini. but it also depends upon tlie jiropor- 
tion of the other retarding iaiisi*s, whetiK'r hysy-resis or eddit-^al this speed ; 
it occurs, in fact, at that sjieed for wfiiih tin- ((unbiiu-d retarding loKpie from 
all causes is a minimum. Thus it is r<*a( lied ^ a relatively higher spird wJien 
the friction of lx\arings and of the air is alone at ting , lint when the liehl is 
excited and the braking action of eddyt urrents is adih-d. siiue their lonpu- 
is projvirtiorial to the spix'd, the minimum lonibined tonpie <« mirs at low<*r 
sj)eeds. At very low .speeds, the cAellnieiit ot Iru tioii is also .itle'^ed by the 
rapidity of the sjieed -changes. There is a <t-rlam ttm(*liig of the oil film 
in point of thickness both when the machine is lowing down and afto ^hen 
it is being run up ; but in the formemase the < oethcietil of friction is smaller 
than would be the ca.se if a tjtcady state was readied, M*lule in the fatter ca.se 
the opposite liolds. The coefficient of friction at the end of tin* retardation 
curve therefore depends upon the time during wh^< h the process lasts, ami 
its st(j^dy value cannot In- thence obtained for very low speeds. '' 

(riven thf values of the fru tion watts and r/v, at two widely tliffercnt* 
speeds, and N.^, the former high and the latter low, oii the assumulum alxive 
mentioned that the loss from friction of the Ix-anngs nu reases as and that 
by windage as th? ftvo coefficients p-^rtaymig resjx i tively to the Ix-arings 
and air may be obtained in #110 manner suggested bv i>r l-'inzi * as 

, f • «7i f ' V' ^ «7* 

“ A\» . A’’,* * . Ar^“ • AY« A'./ ‘i A',> . A,’ » 

Hut the true law of the windage loss, as already mentioned (foot note, p 277) 
has lieen shown to l)e very complex. • * 

A rough-any ready irmpfrical formula whiyh give3*reasonabIe values for 
the total w'atts from the frfttion of two Ix-arifgs and ffom air resistance is 

watts 0-0U05 * 

^ where yV^= weight •f armature m lb. and A' -^revs per min,* ^ 

• • ••• 

I 17. Additional losses under l<md. - Hie bum of the h^ssses, 
measured at no-load, with the addition of th^* calculated R^) 

loss, when used to calciflate the efficiency under load, gives an 
efficiency which i.s recognised as “ conventional ” .since it is usually 

n ^ 

* Joum. I.EJE., Vol. 44, p. 248. SeeHlso f)r. Sumpner, " The Testing of 

► Motor Losses,” Journ. \^ol. .31, *p, 632, where fhe same principle is 

described and employed in a ^lightly dWcr«nt form. ^ • 

» E.T.Z. 41903), t. 916 (Finzi): » Electr. Eng.. Vol, 32, p 318. Sr-c ateo 
F. Honsu, Ejr.Z., Vo\. 39 (1918), p#435. I 

19— (W65a^ # • • ^ 
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higher than the true figure. The difference between ttie actual 
flosses under load and the calculated separate losses is an* additional 
'Vstray loss," or 'as it is often called “l6ad loss," which in continlious- 
current machines is fo be attributed to — 

(r) the increased s and eddy-current losses in the ^core 

and pole-shoes due to the distortion of the field by armature reaction 
under load, which raises the maximam fluxMensity in the teeth 
and alters the cycle of Ghanges in the v'on, 

(2^ the incr< ased eddy current loss in t her winding and slots at the 
pole-tips, a^so due to field distortion as explained 'in Chapter XXI, 
§ 21 ; and 

(3) secondary commutation losses, due to additional currents 
in the bnishes, to non-uniform distribution of the curren^ over the 
cross-section of large solid conductors under the action of inductance, 

, and to losses in the iron from pulsation«of the field set up by irregular 
commutation. * ^ 

The amoun^t of this extr^ " load loss " can be measured directly 
by methods given by Messr:?. lirben and Page and by Messrs. Olin 
and Henderson. ' The latter observers found in several machines 
with commutating poles that the actual losses at J, J, full-load, and 
25 per cenC:. over-load exceeded the no-load core loss f the calculated 
/*i?<^lo^s by about 10, 2^). 30, and 40 percent, respectively. The 
difference which is Hiereby made in the calculated efficiencies ranges 
from 1 to IJ p('r d'lit., which must b(‘ taken into account when 
close ciilculations are necessary. 

^ § 18. Efficiency test by the Kapp-Hopkinson method, o -The 

Efficiency of a dynamo, or the ratio — 

power supplied from the terminals of the dymamo to t>'e c.xternal circuit 
power given to the shaft of dynaffio by the prime mover (engine or belt, etc.) 

is often calculated on a " conventional " basis, as in §§ 10 and 11, 
by adding the viyums. los.ses in field, armature, and friction to the 
output, and dividing the output by the sum of output -f losses. 
But, for the reasons given in the j^receding section, more reliable 
results arc only to*’ be obtained by direct measurement of the 
efficiency.® In cases where the dynamo is coupled directly to the 
engine, the power indicated ^n the engdie cylinders, less the portion 
’ of this power which is washed ,in the engine itself, gives the brake 
horse^power supplied to the dynamo ; the results, however, of such 
a method of calculation cannot be regarded as very accurate, owing 
to the difl^culty of ascertainmg the exact Value of the waste in the 
engine. Atiothcr method is to transmit the power from the prime 
mover to the dynamo through n transmission dynamometer which 

* Tram. Vol. 32, Parf^ I, .pp. 524 and 480. 

• Cp. especially Dr. C. V. Drysdale, Ettg^neefing. Vol. 80, p. 6^9, where a 

of testing giving ver>' accurate results is describeu. 
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registeil the power -passing through it; unfortunately, such a 
dynamonifeter when* of large size is lx)th costly and ifficiilt 
mortage*, and, fyrther, docs not admit of ver>' Accurate readings 
l^ing obtained from it. A much more exact method^s that due 
to Or. Hopkinson,^ by Which two •if'*#"' ichines arc so cofipled * 
together that the one acts as a motor driving the otiicr as a dynamo. 
The gutjwit from tllfe latter^ lx‘ing returned to the armature of the 
motor, supplies the greater 4 )art of the poxyer required to drive it ; 
and it is thus owfy nocessary to supjdy to the ]r|)tor from* sotty; 
external source dthe amount of power exjxmrted in the losfes within 
the two machirfes. As this is but a small frnctif^n of tiie total 
power devel^)I)ed, it is more easily’' mea.sured on a transmission 
dynanioiiieter, and even a large error in its determination, since it 
only affects tlie comparatively small item f‘f the waste pow(T, 
produces but slight error ii» the result. The only objection to tlw 
method is that it rctfiifes two machines of exai tly similar size and 
output. These are (Iriven at their normal speed ancj^tjquoximalely 
at their normal voltage ; the field o^one, M, is, however, slightly 
weakened by a rheostat in its magnet circuit, so that its internal 
E.M.F. (/la) is less than the terminal voltage {\\) of the other 
machine 1) ; hence 1) sends •a current through M as aginotor, and 
by means of the rheostat the amount oj this cfirrent is »(^gulale(f 
until it corresponds to the normal armature current of Anther 
machine. Let 11' - tWe total mechanical power in watfs supplied 
from an external source to the motor armature, and I - the dynamo 
an^ature current which is also pas.sod throi!gh the motor armature^ 
the fields of both being .separately excited. Nc'glecting the kiss 
over the connecting leads, which can l)e made* as small’as de.sired,t 
if we deduct froTn*ir the lo.sses in armature and brush resist- 
ances of 1) and M, life remainder. IT - P(Ran 1 ^nu), is the total 
lojiS by eddy-currents, liysteresis, and friction im the two armatures. 
The field of the one is s4ronger^han that of lift edher, but if the 
P:.M.F. of I) is made slightly greater, and the E.M^v M .slightly 
less than the nurrnaK'oltage of either maciwne, the error will l)c 
very smallVhcn this fl)ss is assumed W) he eqitally divided between 
* the two, so long as the machinc^s are 4 >f .sucfi size, say, over 30 kW, 
that the efficiency' of each is*not less thai about 90 f^r cent. JxT, 

yf D{R,,+Rj_iy 
2 • 2 ' . 

then the commercial efficiency of thec dynamo is ^ ^ 

• • 

1 A description of this n^thfKi is b# found in Dr. HojilcTnson'.'s pajxrr on 
" Dynamf Elector. Machinery#’ Phtl. Trans., 1886, reprinted amonf his 
Original Papers cm Dynamo Machinery (Pitma%), p. 112 ff. 
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Vnhi being the watts expended in magneti«ing the field of the 
dynamo. Where it is not necessary to obtain Such 'great* accuracy, 
pa»t of the armahire current of the dynamo D npiy also.hi*_iS?ed 
to excite th^ field -magnets of both machines ; in this case, assuming 
the ihachines to be sliunt-wopnd, if ~ the sum -of the currents 
and supplied respectively to the armature and field of the 
motor, the efficiency of the dynamo is ® * _ t , 


where 


1 />/2 f • O • 


(224) 


It is con\'eni(‘nt in carrying out these tests to cou])1e the two shafts 
of motor and dynamo rigidly together, in one line ; but it should be 
rtnnarked that when this is done in the ca.'V' yf machines intended 
for belt driving the loss by friction in the bearings may not reach 
its normal amount, since tlu* pull of th<‘ belt corresponds to the 
transmission of but a small fraction of the normal })o\ver. On the 
other hand, when the motor and dynamo are coupled together 
by belt, an extraneous loss of power in braiding tht‘ Ix^lt is introduced. 
, A furtlu'i* improvetiK'Ut of the abovi* nu'thod due to Dr. (i. Kapp 
consi-^ts m the use of a thif'd dynamo as the external source whence 
the wastes of eiUTg^^' in tiu' system is suyj)lied. d'his auxiliary 
dynamo maal be of but small size, and may be cou|)led either in 
.series or prefiaably in jvrallel with the two machines which arc to 
be t(;sted. When the method is tlms moditual, all the measiiremrnts 
can be ma^e electrically by one voltnuder and out' ammeter, and 
'further, as regards th(‘ etfici('ucy of the two^ ;,xrmatures, great 
accuracy in the c.dibration of flie instrumeiity is not of such vital 
importance. 

lug. 434 shows ^the series arraip^ement, in which the auxiliary 
dynamo A adds volts to the terminal voltage of the dynamo, and 
must be caftablc^’of carrying the full curtaMit pf the machines to be 
te.sted. The voltage of the auxiliary machiiu;, being apiifoximatcly 

® <* 

total tosses the two ^lachines 
. „ ' rfnnaturo current *' 

will 1x3 from 20 to 40 iX3r cent, of thy voltage of either dynamo or 
motor according to theif efficiency. The jield of the dynamo D 
must be wet^kened by the rheostat r, and the two-way switch enables 
the observer to read in quick succession either the combined voltage 
on the motor (F,„) when the ai^ii is placed on contact a, or the 
terminal volti^ge of the d\mamo (K^) when it is placed on b. If the 
dynjimo and motor are botli separately e;scitlE‘dfrom aiourth dynamo, 
and / be the ami)ere.s pasrsing through the system' as reqi on the 
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ammet< r, the power supplied to M is while tlie jiower obtained 
from D isJ^V- • The, voltage of the auxiliary dynamo is - Kj. and 
thjipower added by it is 7 (F,,, I’,). The eombim,Hl etheieney of tilt 

• • ]" / 1 ’ • 
two armatures of M and 1) is thus * - , and a di^v. approxi- 

• • l«».f 1 W jy • 

m 4 tion to the cihriency of each .separatelv is n . A small 

^ , * V I ^ 

percentaftje error in the voftnu'ter produces Init little error in the 

* . • 
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result, since the eflicimcy is only jiro);;>i li<»nal to the scpiare root, 
of the voltage ratio. The fourth (iynamo employi'd for separate 
excitation of the fields may also he dis|)eii.M‘(l with by the arrange- 
ment shown in the diagram, hut in this case* the .sysh m must l)e 
started l)y means of the switcli*and resistance*)narke«l R. When 
the arm of the switch is j>lace<l on tin* conta< t faying to the left 
at starting, resislaiK^* is inserted series^with the armatures, 
and sutheient fall of*])otential is oUained fo jiass a small shunt 
current through the two fields in ord<r%to supply an initial excitation 
and start tlie iflotor. As t\ie speed ris»s, the arm is* brought yver, 
to the right until all die re.sistanc^-'i< eftf out of the armature .circuit, 
while circuits will ])rodu(e little effect. 

In calculating the efficiency, allowance rdust then be made for the 
fact that the dynamo cymature is carrying not onl>»iJ#own shunt 
current buf also that of the motor ; hence, as in ex])ression (224), 
if /j — 7 the combined cffltiency of dynamo and motor is 




and the* souare Viftt of this give» approximately 
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the efficiency of either machine ; or, separately, the efficiincy of 
the dynamo , r . 

• ^^1^1 „ 

^ output of motor 

‘and the efficiency of the mot?r^ 

^VJ-PR^~LI2 

Vmf + ‘■.u*^y ] 



Flo. 4Sr5. Parallel electrical arrangem«nt of Kapp-Hopkinson 
■' efficiency test. ,, 


where L ~ the watts added ‘hy the auxiliary machine minus the 
eleCirical losses over the ar.natyres and fields of the dynatno and 
motor, ♦ 

Tlic parallel arrangement is shown in Fig. 435, and it will be seen 
that the auxiliary dynamo A* adds amperes to the current from D 
wliich passes throiigli tlie motor M, and that it must be capable of 
giving the full voltage of the nijichines to be tested. It is now 
the field of the motor M which must be weakened by means of 
the rheostat and readings arc 'taken of the amperes in quick 
succession for the twn jiositions of the arm of the tw'o- way' switch. 
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When t^'is is placed on the contact a, ‘the dy'iiamo current is read,* 
exclusive of its own, shunt current, and, when multiplied by the 
volj^ on tne voltmeter, it gives the not output of the dynamo.* 
W3ien-^lie two-way switch is placed on contact h, the ammeter, 
reads the motor current inclusive of the shunt curi%nt of the 
motor, which, when multiplied by fir. volts, gives the total input 
to the motor. The, combined ethciency of the two machines is 
then efhcieftcy of each machine is very closely 

J~] * • * * » 

tj ~ , the vftltage being maintained constant (firing d\e shor^ 

time necessary tft take the two readings of amperes^ ^I'he system 
is started by means of the switcli and nsistance R, with the arm 
thrown gver to the left, and the same switch tvill also enal)Ie the 
voltage to be regulated to the right amount if the .nixiliary dynamo 
gives a voltage slightly higlier than that of llu' machines ti) l>c 
tested. In this arrengcunent, a small jxTcentagc error in thi^. 
ammeter produces an almost m‘gligil)l 4 u‘ error in the result. 


In both cases care must be taken ti^ensure the cunne.xions to the 
fields being such as to cause the one machine to art as a motor and 
the other as a dynamo, and any change of th<i rheostats must be 
made gradually, so tliat it;, etfect on the sysU'iu inay not be 
masked by the inertia of tin; revolving armatnnji. ^ ^ 

§ 19. Efficiencies of continuous-curreut dynamos. In I'ig. 436 
are given the ethciency, curv(‘s of two small lyac hines ff)r various 
proportions of their full-loads. Ihe exact .shap(‘ of the curve de|)ends 
upon the relative proportions of the constant and variable losses, 
Thiis in lOtXbkilowatt traction generator, the two art; nearly etpi^d 
at full-load, each being about 3 per cent, of the output,, and giving^ 


efficiencies 


at fulMoad of 94-5 per cent. 


.. I .. •>4T .. 

i . ^ .. • * 

.. i 87-7 

. • • 

Fig. 437 sl/r)ws the etfitiene.y at full-load (hat nViy he obtained under 
• ordinary commercial conditions with niacluiw^' nf difterent outputs. * 
From this curv^; it will lx>seen tha! tjie elhcitmcy mcreases but 

» For a full clcscri«.->tion of these two see a pafvr by G. Kapp on 

“ The ;Jeteniiination of the J-ahcienc^ of DynanK/s.’* Elnlr. 9, 

pp. 87 and 102 (1892). Cp. E. Wilson, Klectr. En^., Vol. 32. p. 432 ; and for. 
the extension of tlie Ifopkirson prinaplc to the testing of a single continuous- 
current multipolar nuichine, W^ Lulofs, Journ. I.E.E., Vol, ^3,j). 150. The 
limits of accuracy in inputf-output tests of efficiency, chiefly #1 synchronous 
f motor-gener^rs, are discussed in 7>an.s. Amer. I E.E., Vf>l. 32, Part I, 
pp. 525, 531^ 551, and pp. 626 ff. • 

• Cp, R. doldschmidt, Jonm. I.L.E , Vol. 40. p. 455 : and for detailed 
curves of efficiency ami lowes in a Sieiften.s 1500 kW gevcTator, »cc Eleclr. 

Vo*. 42. p.,J5. » 
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.little after an output of s(^e 75 kilowatts is reached^ that 
for outputs above those of the figure the curve will become nearly 
,flat at about 94 to 95 per cent. Any' such curves ar^, however, 
, gfeatly affected’ by conditions of the design, a».d in especiaf 

I 

j Percentagri # ‘ • ' 

Efflciency. 



Porconiago 

Eflicicncy. 



« 

the speed, a low-sj)ced machine l)etng in general less efficient for 
the same output than onc^which nms ot a high speed. For a 
given caroase, the losses in e.xcitation and.pver the armature resist- 
ance remain practically the same whatever the spe^. The loss . 
from hysteresis, friction, and wifidage bears a nearly (^onstant ratio ^ 
to the output and the only los^ that increases faster than the speed 
is \}\At from eddy-currents in the anjiature or pole-pje^gs. The 
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output rises nearly proportionally with the speed, so that, on • 
the whole^ within ordinary limits, the higher sjx'ed is favourable 
•to ^J)ie efficiency. There is, however, h)r a given armature with a* 
given -Ainding ascertain speed at which the efficiency reaches*a ■ 
max^imum, the assumption being made that the increase okhe output 
with increasing speed is simply due .o an increase in the volts ; 
thi^speed is reached,when the loss by eddy-currents is e(iual to the 
constsfht bosses *111 the copped resistance of the armature .and field- 
windings. ' Such a«fact is, lu^vever, of little assistance in the pt^acess 
of designing a machine *in the first instance, since iti presiyiposes 
fixed copper loss*. For a constant terminal vtdtage and speed, and 
given no-load losses, the maximum efficiency is reaPbed when the 
variable lossd^ proportional to the S(juare of tlu* armature current 
(i.e. practically the losses over the resistance of tlie armature, lirushes 
and .series windings) are ecpial to the no-load losses, luit whether such 
a value for tluvarinaturg current can be reached dejieiuls upon the 
limits set by heating and sparking. In eliKUro- plating dynamos, 
owing to the large proi-wtion of the total voltage wliith is lost 
over the contact-resistance of the brushes and other connexions, 
and also owing to the considerable friction loss from the numerous 
brushes, the efficiency is neces.sarily low; c.g. in a 10 kilowatt 
machine giving ^ volts and 2S00 am{M res, the gffi ieiufy may fall^^ 
between 60 and 70 per cent. Very siMall dynamos art^ un.ible 
to excite themselves owing to the compand ively large air-gap 
required for mechanical reasons, and wlaai scjiarately excited, 
the excitation watts may liecome e(|ual Jo the output ; hence 
in ^^ry «mall sizes, as in models, ohmmeter generators, etc., 
permanent magnet is employed. 

S 20. Weights oi continuous-current dynamos, lor purposes of* 
rough calculation and with a given ty^>e of dynamo the weight may 
often be taken as proportional to the two-tbird.s j)owor of the watts 
per rev. per min., or W -- c lb., and c lugs then .sAich values 

as 200-170 in the case of multipolar machines with slotted armatures, 
the weights being exclysive^)f that of the bedplate, •'flu? proportion 
which the Weight of tUe armature beai^ to tluU of the entire multi- 
*polar machine rises gradually from 2^ percent, in small to 42 in 
large machines, gind averages about iS i>er cent, Cop’esp<.)ndingly 
its cost as comparegl with that of tb% wly/tt machine is comparatifely * 
high, namely, about 45 pcT/ent.* • 

The above approximate forinula for tht; weight may in the case 
of large machines witn D\L^ > 15^,000 l)e also expressed as 
25 since te/;Will then be ^ D\LJ\7 S. BitHn the case 

of smaller machines the weight is»proj)ortional rather to the three- 
fourths pow6r of D^/.. If the output AH' be taken as pro[)ortional 

» A. Gtlfansa^l. L’/u/ruian.^ Vol 3if. p. 401. 
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* to the fourth power of th^ linear dimensions, and the weight W 
as proportional to the third power, w^ should then h^ve^ 

* ^ . Wcc ^ ^ ur * 

fi 21, Hcjpiopolar design. The E.1LF. of a bar.— The design of the homo- 
polar continuous-current dynamo, iwhether of the axial or radial type, is 
dominated entirely by the maximum peripheral speed of collector ring at 
which it is considered practicable to collect the current without spatting, 
undue heating by friction and from electrioril causes,' or ex(;essive'irecC' of the 
collector rings. As explained in Chapter VII, § 2, the whole^of the flux of 
each magnetic circuit mu.'ft pass once through the set tff collector rings at one 
^•nd of the arrua^re. The total flux that can be^l8ed is therefore dependent 
upon tliL^crfiSs-sectioiial^irea of iron within the rings, and the flux-density 
at which it can lx; worked. In a word, the total flux is Aot dependent on the 
diametc^ and lefigth of the armature core proper. 

Ix‘t the maximum jollectiug speed in feet per minute thatihas been found 
to t )0 feasible l)e 

V * nD/N 

\2v' 

so that d/ or the diameter of the collcctina surface in inches is — Then 
♦. , ttN _ 

in the axial type of tnachine, taking into accoutU the supports and fixing of 
the rings, the di^imeter of the sjeel core within the rings cannot be more than 
about 80 per cent, of the diameter of the collecting surface, or 0 
The area of the ste(;!, assnmingS,hat there are no axial or radial ventilating 
holes in it, is therefore 


ml* 0-64 X 144 x fe/ * 

— ' SO. in. 

t If flg is tin* maximum permissible flux-density per sep tm. in the steel, the 
jHissible lilux througli thq rii^s at one end is 
* ^ 0 -G 4 X W 4 X (v 45 x (r/)* X li, 

* 47rA’» • 


and twice this amount througli the two ends of the double magnetic circuit 
type, whicli gives • 

» , 0 G 4 X 148 < {v/yB, 

^ a 

* rile highest possible voltage obtainable from a single or from a complete 
cylinder concentric with the shaft is thus ^ 

« ''ia • ^ 


, M.64 2.47 X ^ ^ 

N N 

or less if there are any <^ir-ducts through the Steel »nder the rings. It will be 
seen that for a given syt;od of ptime mover the possible voltagc^from a single 
bar is fixed by the flux-detwity under the rings, and by the square of vJ.% 
'fhe limiting condition for tV‘ v<^tage per bar is thus for a given value of 
the ][x;ripheral, collecting sjwe^f and not the ^ripheral spted of the armature 
* pn>ix;r.« t , 


1 C7>. Prof. M. Vidmar, Bm.M., Vol. dS (1918), p. 149. 

* mulandts, the *saine conditions also apply to the radial tyro. 

If the’line (^tting length of the disc is 0-64 of the radius, which is not far 
from the case in practical designs, the raaximutn voltage from a single disc 

0’79 {r ')*B ^ 

is e ^ — c X io-» . But in’idiis type B^~ Bg and its^ average value 

• • . 

must be taken,^ since from the usual pq^ition of the exciting coils the density 
decreases siimewhat as we pa.ss from\he periphery toward the shaft. Further, 
v/ K also practically eqjial to the peripheral Spe^ of the disc. * « 
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that a high number of revolutions per min., as when a steam turbine is the 
pnme mover, »ls a positive disadvantage in so far as it incrcasi s the iictTssary 

rau^ be «^arked at a kigh density if the machine is to give its greatest outiiiit* 
If over a short length of path be taken as high as 18 DOO then with d 
assumtd as above ^ 0-8rf' • ,i^*iuwuna^ 


10,000 ft. per min. 


28.400 , 

.. ■ volts 
Af 

114,000 . 

' — ~ volts 

• iV 


When the speed may Ixi chosen at will, a decrease in th^ revs per min , 
will decrease the niimlxn of rings with their expeiisite outfit ot bni^K's. hut 
a limit IS soon set to ^hc economy in this direction owing to tin* ncm or sti'cl 
of the magnetic circuit becoming too bulky and heavv, aiuf cominmiallv 
too expensive. • 

'file greatAveight of the homopolar dynamo in general has in fm t been urged ' 
as an insuperable objection to its use. But when comjxinson is lu.uli; ot its 
IK)S.sibilities with those of the commutating dynamo for a givi ii turbine sikmsI 
and an output wb^ch is still withfn the reach o( the commutating ilyiiamo, 
it will be found that the •dfiantage or <»ther\\'is<‘ of the homojiolar i ntin'ly ^ 
turns upon the mimlx.‘r of rings and brushes ^i.it the desigm^ and user are 
prepared to regard as a feasible proposition ; for, as will lx* *en biter, it is 
the number of rings that Axes in practice ^he value tliat can Ih‘ asslgiit'd 
to the am|x;re-conductors per inch of rotor circumff'reiiciv 

§ 22. The output of homopolars. If / -- tlie current carried by any one 

bar, Z --- the number of bars or cd rings at one end, and ac - the ampere wires 
per inch of circumference of the armature, /Z ac . nl>,, and dhe mitput 
of the machine is • • 

I0-; 

This shows incidentally that file outifiit is in m. way flet(^rmine<l by *iic length, 
so that a machine having a given sei tion ami length cannot bf‘ made to yield 
double the output by doubling its length. By Hut feature the continmms 
current hoiHopolar is sharply ditfenuitiated fnun the heteiojutlar inachiin’. 
Further, tlie comparison of the; values of li . ac in the h<unoi>olar and ln*tero> * 
polar types is entirely fallai.ious. The values of may l>e mad** higher in 
the former than in tht Wtter machine, and so equal values might lx- obtained 
for , ac. But the oiitpj^t of the hoinojfirdar is tnd j»rimari)y deixmdent 
upon the value of tlus product. 

§ The ampere-conductors per unit length of circumference. '1 lie passage 
of the flux through the rings having o^cc? Ixam seckirecl, the two dimensions 
of the armature core have thecTretically only to lx; .so cho.scn that the density 
B^ of the main flux in the air-gao and the circular magneti/alion of the con- 
ducting cylinder have pra^ticabfe values whn h are pi »per/^ reftted to one 
another. • ^ 

• So far as concerns the projHT relation fM*t\f» en theMj two (piantities, since 
the circular M.M.F. of the cylinder acts onxona*ftric paths who.'^e lengtlis 
are dependent upon^the cliarneter^of the circle oj bars, armatures of different 
diameter will roughly have Hie .same effect on main radial flux of density - 
Bg, if the am^Tcs of tl^.* r ylmder are als^ varuM in projxirtion to its diameter, 

> ^ ^ should bc' p. constafit. The diameter of the cylinder formed 

by the rotor bars can never !:?• hess than (>-8</^, but it may Ixi greaUrrthan d/, 
if the bars as they leave the^collecting rings are cranked outvf.'ipiR, ana this 
could be done^intil the final diameter of the core reaches the sab; limit of 
surface speed. ^ If a£ were strictly con*^nt, this would, fr'im the equation 
of the preccdingi^section, be an advantage asimreasing tlie jiermissifile current 
or the number of bars. ^ ^ ^ 

‘ As by*Djc Poli. Journ. Vol. 40. p. 247. . • 
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§ 24. Values of ac in practice. — As a matter of fact the values of ac in 
machines that have been commercially built are not only much Imver than in 
heteropolar direct-current machines but shew very wide variations, ranging 
from 100 to 500,anipcre-conductors jvir inch of circumference. ThisJ^ck 6f 
uny approach to a crmstant value for ac is partly due tc the differefit nugiber 
of rings that the different voltages have necessitated ; with a large number 
of , subdivisions of the inducing cylinder the»length of the collectoj must 
necessarily l>e increased by the tli visions between the rings, unless the widths 
of the rijigs and the amperes are reduced. But still more is it due todliffer- 
ences in the methods of collection. In pne machme with a comparatively 
low value'’for r’/ the current may perhaps be collected at as many as 16 points 
on ^hc circumferencti ofwac/i ring; in aiTftther machine with a higher value 
of v/ there might e.Kcessive wear or heatingrirorn friction unless the area 
of brusB s.urfat% ])er ripg and consequently the ampcre:-conductors per inch 
of circimife?ence are very much reduced. Or if the rings are not artificially 
coolefKcind tlu’^same amperes an* to Ix' collected, their widths and consequently 
the length of the armature must lx greatly increa.sed. Tin;. best proportions 
for length and diameter of collector and the values to l)c selected for ac and 
v/ are therefore a matter for adjustment and compromi.se in ea^ particular 
case, the best vahu* for </c Ix'ing greatly infliu*nced by the collecting apparatus. 

§ 25. The diameter and leng^ of armature core in homopolars.-- Nothing 
has so fur been said as to the actual dianu.*ter apd length of the armature 
core jiroper. But since 




6 45 - //, 


tj^64_x 148 X (e/)»/^, 


their [iroduct must give 


0*64 V IW (r/)* ri, 

o' ' , 

It is, however, <»f pra('tical i onvtriiience that the bars should run nearly or 
(piite straight through fnuu the collector rings into llu* slots or tunnels, and 
in this ca.'^e the diameter of tin* core is usually not far from equality with the. 
diameter of the colK'i' ting surface may then be ap]>roximately taken as 
eipial to dj.". Thence it n*sults that 


and if 


T : 0 64 V 1-91 ^ . 

A' U,, 


^ 1/ 

/y,. - 18,000 and /?^ 10,000, 

- 0-575 rf/ 


or a little luon; than half the diameter of the collecting rings. 

Very high densities up to 15.(>00 can lx* used without undue loss from 
hysteresi.s and eddy curn'uts. but their practicability depends upon the air-gap 
Ix'ing perfectly inform and In'ing maintained so. As .soon as the Ix^arings 
wear ami the rotor Wcomos eicentric with the stator, the wr gap density 
becomes um'qual, the core loss is increased, amf the rotor suffers a strong 
unbalanced pull. *■ ' 

Lastly, still retaining />^ as Approximately - f/^*, it is interesting to note 
that the watts iht rev. jx'r ipin. or the specific torque is 


eJZ 

w 



. ac V 10-» 


0*84 .<(//)» . ac X i0-« 

where it must lx* observed that d/ varies invers^y as N if the same permissible 
collecting sp<*ed which is the basis vif the design is to be retained. 

§ 26. Efficiency and uses of homopolari. - I'he pro^xirtiono and locations 
of the different losses in a homo^xilar arc entirely different from what they 
are in a heteifilxffar dynamo. Tift* rflajor the loss is in the collector 

rings from friction, electrical contact-resistsiice, and wimlage, while the core 
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•losa from hysteresis and eddy-currents and the PR loss can be brought to a 
low figure. 'JJie over-all (^ciencv is practically the same ris in a commutating 
dynamo. * ^ 

Th^hu^jaber of rings of the homopolar affords a readv means of obtaining 
a niftnbeY of different voltages from one machine, so that they can lx‘ usccT 
directly on three-wire or five-wire systems as combined gene^tors and 
balancers. • - • # ^ 

§ 2J. The future of the homopolar.— In vk^vof the fact that a lughnumbT 
of re^s. per min. has beeq shown to he a serious disadvantage as increasing 
the numtier of rings hir a given \e)ltage, it may Iv* aske<l what justihcatum 
there is for tncicommon Ixdief tha^ the honvjpol.ir is pre eminently adapte<i 
to the high speeds of Jlfh modern steam turbine, fhe truth nnderlying*(his 
often-repeated statement is that when once the collectum ofta large current 
from one ring at a sulftciently high surface spewed has l)ct«n sati.sfacto]-il>%‘cured, 
there is no further difficulty in reaching wry large continuous ( urrent mitputs 
at voltages as high as 600 and with machines <0 ri‘asona!)lf sf/o and ^veight 
by a sufficient ntultiplication of the mimU-r of rings ea( h end. On the 
other hand.tn tin* ease of tin* commutating tiiilM* dvnanu* we an* met by the 
real physical difficulty of commuting largi* «nrnMi(s at vnv liigh sprrds, 
which does in practice- prevent them from Ix ing built 

§ 28. Collecting«gear at high 'When the )>.irann)iint important <*. 

of Vj.' in homopolar (lyn.'m*i>s*bas Ix-en ajipri't i.itetl, if e- mu siir|>rising that 
the ingenuity of inventors has been iniicli exe^xised to ramc Oic jicrnusMblc 
collecting .speed to tin- highest possible v.ibie. • 

In the. machine giving 2<MH) k\\, 2(>0 volfs, 770o amjx'ies at 1200 revs, 
jK!r min., whicli has alrc'.uly been ineiititMied in t li.ijitt r \ 11. ti (v with a collei t- 
ing speefl of 13,000 ft. per min., brushes of vi-ry thin le.if i ojipei on t t)pper 
spring-supjiorted wt-aring rings were fouml to gi\'e llie best results , to prevent 
the accumulation of dust at the b.n ifs of the brushes the rings weri' run against 
the Irrushes. * Sixti^'ii brusht's of the full width of tl*- roig TOl inches) 
collected tin* total (.urrent of 7700 amperes froni#»<c/i of the rings, oT whu h 
there were 16 in all, and in contimiofis st rviee s(> l(.n,g#.is a good polish*was 
maintained on the rings, the#- a\erage wear w.is less tii#n 2 pei*ye.ir. 

Dr. J. 1',, Noeggeratli, whose ]».i]>ei - on “ Acy( In ( I lonutpol.ir) Dynamo.s," 
describing a 3(K)-k\\ .SOO-volt lu.n bine, .again dux t(^l .itieiition to tlie subjei t 
in 190ip ha^]nished the (ollec ting sj»eed up to as mm li as 20.000 ft jx r iniii . 
laminated metal brushes being employed on steel rings A later ni.u lum-^ 
of 2000 kW, 600 volts, had 4M indm mg bars ,iml Oti rings Tlie (iii vi'S (d 
brush Jo.sse.s of this ‘ ^ind other machines ha\e shown ih.it the tflal losses, 
electric and frictional, aP sjieed.s alxiva- HOOO per nun do not iiurease much 
with inen-asing spec-d, whiff- the mcre.'ised venlil.tiioii is of gnat value- in 
reducing the temperature rise of tin- rings; the im reas< d i ont.act resistance 
loss Ik practically bal.inu-d by a de* reased tintiou los^ • l uiiher tju- fratioii 
lo.s.s decreases w ith higher i iirw-nt (lens^ty over i be*bnisl* sin f.ice, mid sime 
the contact-resistance loss is not thereby im n ased m proportion, a fairly 
high current de-nsity of lOO 200 ^nijn res pei s.j im h i pra«|i(alili‘ .\ Iwgli 
brush pressure- (if 3| lb jmt*s(j. inch is found to U' adv#s.ibl<- 

Mr. R. M. liarlxiur^ has f mploye-d grooved^slip ring-it einbrateel bv flexible- 
wires made uji of a stranded eopper < on* wound te^i with ;ni armouring to 
►protect the core from wear. The j[)ressiire (d^he wire on the ring was main 
tained by adjustable^teiision springs, arnl a littl# liibrie .nit was «>f advantage-. 
The width eif each rnig|o e:e)ll<-ct .StHI amjx»('S wfi^only J im h. * 


* B. G. I.amme, FranH. Awer I li. IF. \ iil. 31, 4’art II, ]> 1H2.'> ff. 

* Trans. Anur. 1 IFi: , VoT. 24. ji 1. • 

* Further particulars of thf practie al e mnstriu tiori of the (l^ (ieneral 
► Electric Cei.’s nomopeilar dynaine>s are- given liy ])r. NeHgge.‘ratli in h.leclr. 

World. \'ol. 52,»«. .574. 

* Plotted by' K. \V. Moss and J Moidel in Journ. I fi.E , \'ol. 49, p, 8f)9 ff, ; 
compare also P. J. Ce»ttle anehj. A. Kumerionl, Jmmi. I T. I:*, To). 45, p. 679. 

* Ettgin^rrxg, \M. 92, p. 318 ]19M j. • 
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9 , 

In the case of a radial t 5 rpe homopolar dynamo a drastic solfition of the- 
problem of collection has been sought by Dr. Boris von Ugrimoff' in the 
employment of small hatchet -shaped kni\fcs imihersed in ift'ercury. Tl^e 
mercury by centrifugal force is carried round the inside of an overhung ftAnular 
/groove on one side of the outer rim of the disc, and thus covert the edge of 
the knife 'v^ich is arranged at the top of the disc. Water is also fed into the 
grc^ive, ana a layer is similarly carried round»which cools the contact edges 
of the knives and is then dra^fn off after it lias become heated. By this 
arrangement a collecting s|x*ed of 53,000 ft. per min. was reached, and from a 
disc of clirome nickel steel 28-6 inches diam. with a mef>n diaHaeter 10 the 
centre of the field of I 65 inches 40 volts were obtained at ^bdht 7700 revs, 
per yiin., the mean line-P.utting .speed Uiiif^ 33,500 ffe per min. 

< " ^ , 

^ Arbeiteit aus dem l‘^ektrott'chnischen Institut zii Kur^ruhe, Vol. 2. p. 166, 
abstracted in lin"infrrinf^, Vol. 02, p. 265. 
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TWE WORKING AND MiVNAGKMI- N?; OI< ( ONilN r( H’S ( N b 
^ DYNAMOS* 

§ 1. The mtercOnhexion of dfnamos. In many ( asrs it in n-(]nir( d 
to connect two or m#re dynaiHos (o the sanK*])air of mains in ynUa 
to increase the amount* of electrical energy ^that ciri be ^nppli('(l* 
to their commoi* circuit. If the dynamos *are coupled together 
in series, although the maximum current that mflv be*pass(>d 
through thein*is no more than the current j)ennissible in tin* smalKa- 
of the two, yet the available voltage is incn‘as<'d. On tlu* otlu'f 
hand, if two dynamos of tlu^ same voltage are coupled in parallel, 
the total amount of curiyit can be increased, altbougb the terminal* 
voltage remains uiulianged. Any such coupling together of 
dynamos must necessarily be so arraii^a-d that the \*>rking of one 
dynamo doc^s not interfere with the proper working of tlu* other or 
others ; and as this recpiires certain j>recautions in their inter- 
connexions, the more usual c^ses which occur in j'liac ti('e will here 
be shortly consicWred. . • ^ 

§ 2. !nie coupling of series-wound dynamos in serid^. ^ Ha; 
simplest case is the coupling of two serit's^woujid ((^itimions- 
current machines in sitTcs. Id eftVct this, it is only neeessary to 
connect the -} tc'rniinal of oiU‘ machiiu' wit^i the - ti-rminal of the 
othe^ the external circuit Inang then conn(;ct(‘d to tin' remaining^ 
terminals of the. pair. Such an arrangem<-nt is not unusual in 
cases of transmispiyii of power over long distances, where it is » 
necessary to work witlijiigh pre.ssures^in order to combiiK* cfonomy 
in the first cost of the copjx^r leads with a high effK dairy of trans- 
mission. It has been already in^ntioiU’d t\;at *tli(‘ deliccHc process 
of commutation hardly permits of monr than 4(MK) volts M(K) 
amperes, or possibly 5000 v^ilts lOOamjH res, at iboig 2^) 5fK) revs, 
per min. bdng generajpd in any one «»ntimn1jih-currenl dynamo ; 
'but by the use of ten or more similai* dyiiiynos ccmpled in series, 
and each giving^ say, 3000 *'olts, a combined JvM.Iv of 30, (KM) or 
more volts is obta^cd on the exteyial^^fcuit. • • 

The employment of .such a systfm for the transmission of ^xiwer 
direr long distances by high-tcrftion direct cyirrent * has been ]>rought 
into use by M. Thury. fn the St. Maurice to Lausanne transnyssion 
six turbines are employed, each driving two genfrafos.^! and each 
of the lattef giving 2250 vofts aij^ 150 amperes at 300 revs, per 
min. ; beingVoupIed in series, the total line pressure is 27,000 volts. 

I Cp. J. S. Higl>6eld. JoHm J.E.E, \*o\. 38. p. 471, an.l fob 49, p. 848 . 
and EleetP. Worldf-nd Engineer, \ ol. 48, p. 755. • ^ 
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In the transmission between Moutiers and Lyons, th5 largest 
turbines each drive two double machines, a complete set supplying^ 
*1§0 amperes and a maximum voltage of 18,250 at about 4 ^T[^vs. 

' per min. By this means a maximum line pressure of 75, (KX) volts 
has .been reached. The turbioc is connected to the dynamos by ^ 
an insulating coupling, and each machine is separately insulated 
from o.iirth, its base being bolted to a concrete block suppor^ecLon 
stoneware* insulators eml)edded in asphalt with pure bitUmen run 
in to’ fill up th^ space round the beds. 

§ 3. The edapling of shunt-wound dynamos in parallel— The 
coupliipj; of 'tN^o or more dynamos in parallel is cv(5n more frequent. 
In all large installations and central electricity works, as the load 
increases, more dynamos have to be brought into u.se, without 
internijition to the suj)ply from the machines already running. In 
.such cases, in order to obtain the; gn^rtest economy, each dynamo 
should he workinl as long and as closely as possible at its rated 
output : this »s Ixrst attaiiu' l if they are all capable of being worked 
in paralhL an additional nucchino being switched on to the same 
mains as soon as tlie l(Kid exceeds the combined output of tho.se 
already at work. 'I'o connect two shunt-wound dynamos in parallel 
it is simply necessary to join their positive terminals to form a 
commoq 1 and the ir negativt^ to form a commoii - terminal. If, 
as isc'.isually the cas(‘, a S(‘cond machine is to be joined in parallel 
with anoKier which is already ninning aed excited, or is to be 
connected to switchboard bus-bars fed by other miming dynamos, 
this must of course m/t be done while it is at rest or unexcited ; 
its armature; would then form a short-circuit, and would present 
no bi.M.h'.. opposing an excessive nish of current through its low 
resistance. Hence tlu‘ in-<'oming machine, B, must be run up to 
its normal speed, and before it is thrown into parallel it must 
either be allowed tp excite itself to approximately the same volt- 
age as that of the busd)ars or of machipo or H’s .shunt circuit 
must be closed on tlu; bus-bars so as to excite B's field before its . 
armature circuit is cjo.sed. If this is correctly done and the volt- 
ages are equal, the armature current in the .nachine when thrown 
into parallel will be a'lid will remain zero. In order to make B 
take a share of the load, its excitation must Ixi increased or its 
sjx;ed raised, the exact proportion in which the total current 
divides between the machines dejHinding on their resixictive internal 
E.M.K.'s and armature resistances. The condition which deter- 
mines this division is that, after deducting from the internal E.M.F. 
of a machine the volts lost by the passage of the current over its 
armature resistance, brushes ana leads connecting it to the switch- 
board, the remainder or the terminal voltage at the bus-bars must 
be alike in all machines. Thus^ if tw'o similar machines, similarly 
excited and run at the same speed, Ih" coupled in parallel, each will 
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take half of the total current. If the speed of one be now lowered 
,or its lielS weakened, its ?:urrent will gradually pass over to the* 
otjilf machine ; yhon its internal E.M.F. falls to equality with the- 
terminal voltage of the second machine it supplies no cuiTent a^all, 
the whole of the' load befng thrown 0» to one machine, and this is 
the ^condition which should approximately lx* reached when a 
ma^hiac ts to “witlidrawn from service. 

To take <1 nuntj^rical example, suppos? that each imu'hine 
runs normally **10011 revolutions and is then excil^d witli 13,000' 
ampere-turns giving *1,300,000, and 103 volts ; lurlher, 
that the loss of volts over the armature at the full -load hf 100 
amperes reduces the terminal voltage I'^i, to JOO volts. If the 
speed of cnachine H falls, a larger portion of the current passes 
over to machine A. The increased loss over the armature resistance 


of A and the increased reactit)n of the armature current on its field* 
combine to reduce bofti its internal and terminal volUiges. When 
it takes the whole of the current, let 4,100,000 1* the number 
of lines that are produced by the 12,(a)0 ampiue-turns due to the 
terminal voltage of 92 volts ; in other words, - 200 amperes, 
and V> — 92 volts, give a point on its characteristic curve for a 
constant speed of 1000 revolutions. This same ^tenniiml voltage , 
will, however, in tRc case of machine B whi^li is carrying no (^rrent, 
give, say, <Da = 4,250,000, and this flux will giv^an internal H.M.F. 
of 92 volts when B is nifming at 900 revolutioift. 1 hus the speed 
of B may be reduced by 10 per cent, beforc^thc whole of its load 
passe^on^to machine A, provided that the .speed of the latter is^^ 
kept stricUy constant. On a further reduction in the^ speed or 
field-strength of B, its internal E.M.F. falls below tlie tenuinal 
voltage of A, and !lTe latter then drivts a reverse current through 
B's armature : the internal E.M.h. of B plus the volts lost over its 
armature resistance due to the reverse current ".irc then*equal to 
the terminal voltage of A. -The eflict of the revers? current through 
B's armature is to as.sist in turning it as a motor witli#the same 
direction of rotation a5 Ixjfore. witlu^pt merfianical damage to 
any part, an5 thereby if tends to keep B^^spred. I he electrical 
interaction of the two machines with dioopmg characteri.stK s tlnis 
^'exerts a considerable inherent influence, pending to et^ah/x* lh#ir 
speeds and loads ; slfcnt-wound dynamos are therefore easy lo work 
in^rallel, and the share of th® current which each machme takes 
is easily regulated by altering its speed.or its field excitaUon. , In 
fact without interfering ^iih the sjxied, the rheosfit Tn,fhe shunt 
circ^t afford*! ready means of loadii^ or unloading the continuous- 
^current machine to any desired epimi. In practio?, when, as is 
•most often the case, the machine ^re driven by sepirate pnme 
movers, the equalizing tendency is also assisted,by the mec lanioa 
action of Oie* prime movers themselves, ^us, when the load of 

20-(5065a)^20/>A-^ * 
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one machine increases, the speed of its engine pr other prime mover 
'falls and tends /.o check the increase, while, for a similar reason,, 
wiien a machine fails to maintain its fair share of the load, the speed 
of primi mover rises, and tends to keep up its E.M.F. 

llie use of shunt-wound dynamos in parallel is common in cehtral 
stations for electric lighting : as soon as the load becomes too great 
for a single machine, a second is run uj!> to speed, eJcolted t,(5 as e^al 
voltage, and switched into parallel wKh the fkst, the ^ame process 
'being ref^atedtwith other dynamos as ofteh as required. W^en so 
connected, "they all supply current to a common jiair of "omnibus 
bars," wherici the feeders are run to the network of mains. Asa 
precautionary measure, a magnetic switch is frequently inserted 
between each dynamo and the omnibus bars : this automatically 
flies off and breaks contact if the armature current falls below a 
'certain minimum ; and hence, if for anyjeason a .dynamo begins 
to slow down^ it is cut out of circuit before a' reverse current passes 
through it, while its load is jaken up and divided among the other 
dynamos at work, without interruption to the general supply of 
current. 

§ 4. The coupling of series-woun^, dynamos in parallel— When 
. series-wohiid dyuanu's are connected together ii\^ parallel after the 
samp fashion by joining their like terminals, we are met by the 
difhcultydhat, if foi'any reason the K.M.F. produced by one machine 
B falls considerably below that of the other machine A, then the 
current through B is reversed ; and this, since the machine is series- 
.. wound, reverses its polarity. The direction of B’s E.M.F. con- 
sequently^jeversed, with the result that both dynamos simply act 
in series round their own internal resistances, ^apd in a short time 
would be damaged by the 'excessive curr,ent. This difficulty is, 
however, at once overcome by the addition of an equalizing 
wire conluecting the qnds of the series coils adjoining the brushes 
(Fig. 438). 

It is especutily important that this equalizing lead, b b\ should be 
of such large area,' that its resistance is practically .negligible 1b 
compared with the r^sistarice of either of the series windings. B}' 
it the extremities of the t\^o field -windings are joined in parallel, ♦ 
ahd the current supplie(Jl^tp ti\e external circuit flows iit the same 
direction through both and magnetizes each equally. . Should the 
internal E.M.F. of machine B fall below the voltage at the brushes 
of A, a reverse current passes through B driving it as a motor, 
but as thas motor current flows through ^he lead b b\ and does not 
pass in a reversed direction thr 9 ugh ’the series winding of B, it does, 
not reverse B's polarity. If the fall of volts over b b' is considerable, ^ 
a certain pfojiortion of the riolor current may pass through the 
alternative path olh d d* b', but this is prevent^! by making b h* 
of sufficiently low resistance, as meritioned above. If it -be required 
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to swtchJB iiitp parallel ^th A while the latter is running, it is 
*ne^j^sary, as in the case of shunt machines, to excite B to approxi* 
n»teV the samtf voltage: this is effected by closing the switch 
K while B.is running, jyid a few seconds later switch may be . 
closed. * t 

j|^6. The coupling of compound-wound dynamos in parallelt — 

Senes^ound d^^iamos are, However, but seldom require to work 
in parallel, and tji« above fomarks are merely introduced awing 
to their applying 'equally welkto the series p'indin^ of q^^mpounof 
machines •when tworked in parallel. The arrangement usiudly 
adopted for these is sho\sm in Fig. 439, from which it will l>e seen 



Fig. 438 - -Two t.^rios-wound I'k; 439 -Two comix>und- 

d>nnamos coupKxi ih p.iralK'l. ^ woiiiul tlynamos touj)lcd iii 

• parallel. 


that when the switches aqe closefj, exactly ns in^he case of series 
machines and for the same reason, there are tliree junction [joints, 
namely, the leads from pne set of brush<*s a a' to^llie sv^itcffljoard, the 
leads from What may tie called the “ oijter " ends d d' of the series 
^oils, and also the equalizing tennina^s, whith are themselves the 

* junctions of the i* inner ” eiWls b b' of tl^; stories coils jo tlie other 
set of brushes. Ag|in, the eejualizing mPcfb b' must be of negliglTble 
resistance as compared with the seties windings, * since any r5ver.se 
effrrent through the series coils*of a compcjinid-wound dynamo will 
partially demagnetize it and finally ovdirpower the ^h\[nt^ In order 
to throw the one machiiW, saiy B, into parallel with tHfe other, A, 

* ^ben the lafter is running, B muat be run up to approximately 
» the same voUhge as A, the excitation being provided by the shunt 

^ For a more exact calculation of the pc»siMe resistance tliat the equalpcer 
Ur may iftve, Miles Walker, l lu Diagnosing o! Troubles in Eleclricat 

Msiektnn, f. 275. t* . « 
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alone ; switch K is then closed, and finally switch S', while, if it be 
required to with4raw machine B from parallel connexion, its speed 
shfiuid be slightly reduced until it is supplying little or no.currenfc, 
after whichiswitch S' is opened, and lastly switch K. The opening 
or closing of the two connexiiin!> in due order may be conveniently 
effected by a composite switch, by which the contact at K is made 
first on closing the switch, and brokemlast on opening it./ ^ ^ 

If Uie dynamo ammeters are placed in the Ij^ads to 'the switch- 
board bi^ bars;/)!! the same side d d' as the sen(\s coils, the sum 
of the curreiits gives \he total amperes suppliedHo the external 
circuit, ^but the separate readings of the instruments in no way 
indicate how tlie load is divided between the severa^l armatures, 
and one or more might be running as motors with current supplied 
by the other machines. It is, therefore, essential to place the 
ftmmeter of each dynamo in the lead t(> the bus bar vchich is on the 
side a a' opposite to the series coils, when it wfil measure the current 
actually passfiig through die machine to which it is connected. 
Further, it is advantageous {o (anploy moving-coil ammeters with 
a central zero position and a short scale on one side, so that the 
readings of the needle to one or the otjier side of the zero render the 
^ state of affairs evi/lent at a glance. In every case^ either the hand- 
wheel gbverning the speed of the engine or the shunt-regulating 
switch) nuist be employed to secure ecpial division of the load. 

§ 6. Regulation df load between compoCmd-wound d]niamos in 
parallel. — In the case of over-compounded dynamos, it is not 
.easy to secure an e(|ual division of tlu* load between several , machines 
owing to small differences in their characteristic curves, and, even 
' if at full-load the division is proportional to their respective capacities, 
it may not retain this strict^ proportionalUy throughout a wide 
range. The first reciuirement for running compound-wound 
machines^)! different ipake or of different output in parallel is that 
the drop of volts over the series windings and the leads connecting 
the outer positive and negative termir^als to the bus bars on the 
switchboard should iXi the sivme for all machihes when cijrrying their 
jiropcr share of the to/,jd cutrent delivered lo the board ; in other^ 
words, the resistances of the^series coil,s and connecting leads should 
vary inversely as the nqfjyial full-load current fiiV each machine. 
If the junction points or the bus bars were immediately upon the 
machines, as in Fig. 43t), and therefore added practically no resis^r 
ance Jt would suffice that the external characteristics of the several 
machines St tnefi terminals should be alik<i to secure proper division 
of the load. But such is not tlje cas^ in practice, sino.i the switch'* 
board is usually at some distance and also is at different distances 
from the mtehines ; the connecting leads must therefore have 
appreciable resistances, and these may differ even wjnen the^achines 
are of equal size. It is then necessity to insert in the connecting 
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T!u^T' ‘•'"d of such 

mounts^hat the cfrop of volts over both series wituUng ;uid coiv 

-leads again liecomes in each case eiiua'l. Tlie oxtewal 
characteristics at the bus bars on tlie switchboard ai* tluis once 
again made similar, and although t)ci,.r-coni,>ouiul.‘d each marhine' 
^ take Its due share of the total load, so long as it is lunning 
a^ha (»rrect»spced. Kut, •whatever prec-aiitioiis arc t^kc-n, satis- 
tactory pamllel wo|;king nuts* in the end deiieiid upon the m>-cl^anical 



Fig 440, ( omjx.urul wouikI tiyn.mi<.:, hi jiiir.illcl « 

c. • ■ • , 


governor as definitely fixir^g the sjKrd for e.u li awoimt of steam 
supply tojhe prime •mover. Thus ^uppos<*Jljat two dynamos 
• of equal size are running in parallel \fitli Jjje’load e<jnally divided 
b6tween them, ^and that fyr some reason the sjM.;ed oi one falls 
slightly . its load decreases, while jhat^?>j the (dher ifiacliine lises, • 
and this cl)^nge is Arompanied hymi similar change in their vrjtagcs,' 
• that the load tends to piiss completely ox'er to the machine 
which has maintained iis speed, and this tendency is only ly?]d in 
check by the mechanical governor ; no inhereifT eTe«#ical effect 
comes into action until a mfttor ^rrent is actually supplied from 
the machincf.of higher voltage to assist in keeping up*the sjxjed of 
the machine whose voltage ha* fallen. Perfect decision of the 
total current b^ween the several series coils, gnd also at the same 
time pra«tically zero resista^fe between ^he “ inner ” ends of the 
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series coils, can be realized if the junction point between the /Inner " 
ends is transferred to the switchboard andis effected by thC-equ^izer 
bar (marked = ) as shown in Fig. 440. ‘ The resistance; of <the ' 
connecting^leads is then adjusted so that the drop of volts at fuD- 

• load»is in each case equal and thf; machines are on complete equality. 
But such an arrangement requires four leads to the switchboard 
from each ^dynamo, and a triple-break ^witch for each dynan)j>.||^ 

The amount of the compounding action of a machine frequently 
regulated by a diverting switch and resistance wili*h shunts a portion 
of the cu*'ent aVay from the series turns through a^hy-pass. When 
this is tfoe case^ any alteration of the diverting switdh of one machine 
also affects the current through the series turns of the other machines. 
This may be corrected by the employment of a compensaied series 
regulator, of which the principle is shown in Fig. 441 in connexion 
with a dynamo which is used as a shunt machine on a lighting load 
and as a compound-wound machine on a traction' load. In the 
position of the switch shown in the diagram, the current passes 
immediately through the arm from a to h, and there is no com- 
pounding action at all. But when the arm is moved in a clockwise 
direction, a shunting resistance r^ is inserted in parallel with the 
series turns R,„, and as the resistance tj increases step by step, more 

* and mote of the tf-tal current 7 pa.sses through th^series turns. At 
the sume time, witlj a movement of the switch from its starting 
position if compensating resistance Zj is inserted in series with the 
parallel branches of the series turns and shunting resistance, and 
this resistance r, is grafluidly cut out until with the arm on contact 
1>all the current passes througli the .series turns, and the ifia.ximum 

^ compounding action is obtained. On any contact (except the 

7 'T- 1 

starting position) r* = - _y-‘ . 77„, and r^^ — y-= . 7?„, where 

is the^tesistance of. the series turns and of the leads therefrbm 
to the regulating' switch. By tliis means the resistance between 
the points«'a And b is maintained pei;fectlY constant at a value 
= and an increg^e of /.^from zero to I obtained by six equal 
steps without in any jvay a^ffecting the other machines which are« 

in parallel. » 

' ' 

$ 7. Three-wire dynanic^. — For the purpose, of using a single 
dynamo on a three-wire system without any auxiliary beflancer, it is 
necessary to make connexion for the third^wire with a point near^ 
midway iryxi^ential between the positive and negative brushes. If 
a third set *of bnishes were applied at p<Sints on the ^commutator 
intermediate between the po^tive and negative b^hes, their ' 
position 'would, strictly speaking^ require adjustment according to 
the^ amount of load on the machine, and also according to the amount 
of out-of-balance current, but, apaft from this, ^uch* dfetructiy^ 
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sparl^^ would ensue as to render the nietliod practically in* 
adn)issil^. An armatur# wound with two independent windings, 
ea«h (or half the main voltage and the two connected in series, 
ifieetS {he case Vdter, as the third wire can be connected to tl>e 




Fig. 441. — Series regulator tora)mj)oi^ul w^iiul dynamos in parallel. 


4^ # 

common iunctionfuniting the po^ivtfBilislies of rme armature with 
4l^he negative bnishes of the other ; but it involves two commutators, 
one at each end of the armature, and^twefsets of brush-gear, so that 
its cost is great, and it does not admit of the dhe side 

being regi^ted indejxjfSdtmlly of the other .vive by external means. 

A simpler method by which, \\'ffhout moving machinery and with 
a single arniature, a central poyit may be found fo^ attachment of 
the third wire, is due ft) v<m Dolivo Dobrowolsky, and is not (nfre- 
quently^fhploVed in small generating stations, tos in factories, where * 
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some proportion of the motors or other plant is.better suited f*/a low 
voltage, such as the half of the main vdltage l^etween tKb outers. 
It consists in the’addition to the armature of Iwo or more slip-rft!^s 
each connected to the armature winding at a point or at points 
• corrohpondmg to an equivalent number of electrical- degrees accord- 
ing as it is wave or lap, just* as in a rotary converter, and in Jhe 
connexion of these slip-rings to a chojeing coif. Tlje latterJiaiPR 
laminated closed magnetic circuit and ^s wound for as njai^y phases 
as th(?r(? are slip-rings. The central point vf ffie windings of the 
c*lioking r)il^ Wtiich is# also called the “ static hakinccr," is then 
practicijly midway in potential between the positA.T and negative 
brushes, and furnishes a point to which the third yire may be 
attached. * • 

In its simplest form two slip-rings are em])loyed, and the choking 
coil is two-phase, one half representing a pha.se displaced 180® 
from the otluT half (although such an arrai^'cment is usually called 
“ single-phase r’) and the third wire is attached to the middle of 
the w'inding of the ('oil. Tluptwo slip-rings arc joined to any two 
j)oints 180” apart on a wave-wound armature, or on a lap-wound 
multipolar eacli is connect(‘d to p points separated by a distance 
corresponding to a |)air of poks, and iiK‘S(5 two sets of p points are 
•mutually disphu'ed by a distance corn^sponding t8 the pole-pitch. 
The jxiir of slip-rings with their brush gear may be .seen in Fig. 442, 
which shoks a 440 kW generator built by, the British Thomson- 
Houston Co., Ltd., for 8-wire connexion. WTen the armature is 
at work, an alternating ILM.h. is set up between the -slip-rings, 
aiul so long as the two sides of the network are exactly balanced 
or on (qx}!!# external circuit, this simply causes a lagging alter- 
nating current of frecpiency />A^/60, which magiTetizes the choking 
coil. As the windings of the coil .should hive a very low resist- 
ance, the vahie of the magnetizing current is practically fixed Ijy 
the reactance 2-nf t* \ aild the losi^ in waUs is thereby kept small. 
The virtual volUige applied to the coil is dependent uix)n the ratio 
of the j)ole-arc to th(^ pole-pitch, but ofi the» a.ssuinption of a sine 
law distribution of the magi^tic flux is with two slip-rings l/\/2 
0*7()7 of the voltagc^al tlnj brushes on the commutator, and in 
general with increased nundoers of .slip-Vings bears <he sanje ratios 
to tfie direct-current voltA^V as‘yi a rotary' converter. 


If a dynamo without any static biilanccF is connected to a three-wire nct*^ 
work, of which the resistance? and on the negative and positive sides 
revSpeotively arc ^^n^iial, the divergence of the potential of the third-wire 
from the mca?l» between the potentials of the brushes will be 

V - L‘ V '^1+ X = h X 


according to whether the series windinj^of resistance R^ is on the negative 
or the po.sitive side of tl)e network. It must bo only on ci^e or ol^r side, 
since when the sttitic Iwlancer and third-ivire arc connected, th^ external 
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current?* the tiffo s«)m of Jhe network will b.- diflerent, and therefor^ the 
• Winding must not be halved since the voltage of the parallel c reuita 

omne «qnature would then be different.* Hence I’ is ^xrsitive wh-Mi iL T 
1” case when > {A‘, f RJ, t r when the pcwitve 

side has the. lower resistance and is the more heavily loaded. • 

When the static balancA- is connectfd to the generator, but is stSl It ft* 
un^nnecteil to the third-wire, the [xitentiaTof the centre point of the balancer 
t|hFre Its phise windings unite, is from com iderat.ons of svinmetrv always 
emtJy mid wa\»bct ween the ^xtentials of the brushes. Due toJhe prestnKe 
of the alteraating current thn^igh the balancer, the terminal voltage the 



(The British Thomsan- Houston Co., I,td.) 

external current, and the di\,*rgence tf the third-tvire jmtential are all causc'd 
to pulsate slightly. But when the tappings to the annalure winding, say. 
of a 2 -pha.se balancer are pas.^ig jxnnts 90 electrical degr^s f^oin the brusli 
positions, t^c instantarfeous value of tlj^ pulsatiog initial divergence of 
the potential of the thirff-wirc (still unconnected) n^identical with the value 
V’^ given above, and this particular moment neetVii^ine be considered. Unless, 
therefore, the strries winding <4 the generttor hapinned exactly to equalize 
the total resistanVs on the two sides of tht. network, the fxjtential of the 
third-wire differs fryn that of the cer.vre'flRitit of the balaruer. Th?con-* 
aeouence o# connecting the twf> together must Iw the flow of such out-of- 
^Nilance currents through the balancer, divisions of the armature winding, 
and external network as w^Jl cquaJiro tlie poteilial of the two jioints that arc 
to be joined together. * • 

If we ima^ne the centre f»oint of the balancer to be- eatftieill, ifte potential of 
the third-wiit must be lowered flr raisgcl to zero, a«d the numerical values of 
the potential# of both sets of brushes xflll lx: either' raised or Ipweretl by equal 
amounts ; if ^ keep the potential of »,he brushes of equal numerical value but 
of opposite sign, the potential of the otntjreof the balancer anebof the third-wire 

» To Anriect the scries coiLs 01 ^ the several pole.s Alternately to the positive • 
and negaflve sides would be incanvenient |ind f ndesirable with high wjltagcs. 

20*H^A) , • 
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become alike and neither is zero. On either yay uf^consideilng^}|^ effect, 
tjie new divergence of the potential of tine third-wire frorn a value midway 
l)etj<reen that of the* brushes is reduced from'F^ to a lower value whic^ 
iamc monieiit is very closely • ' ’ ' • • 

■ ■ 

where i^ the nuinlx'r of phases, is the current jn the third-wire, And 
f is the resistance of one lirnl) or phase of |he balancer. • ^ ^ 4 ^ 

The out-ol- balance currents in each phase of the balancer ar<^ id the same 
diret tien rclativt»ly to the centre, i.e. all oiftwards fr^.i^ it or inwards to it 
Uirough the wiiKii|^gs of the balancx'r, according to*which#side of tlie network* 
is the rnor^ h«^'ivily headed ; they are outwards if is po#?itive or > jR|; 
and the j side of the network is the more Ki^avily loaded. T^ir values 
pulsate, out they are e(|ual at tliA moment assumed alx>ve. Hence if • is the 
natural alternating current of a phase, it is approximately, though not 
aljsolutely, (rue to say that the current in any liml:>-k 7 f the balancer i%made up 

<»f — — constant in direction for given resistances on the two sides of the net- 

work, combinetl with i which alternatcis in sign and value in^ccordance with 
the lime. ' 0 

The out'of-habnee current /^thowing in the third wire is frequently given 
as a datum of (lesign, but strictlv sp<‘aking its value cannot be determined 
until the static balancer aiul the geru'rator have been designed and the resist- 
ance r of one limb or phase is known, as well as the resistances of the armature 
and serii'S winding of tlu' dynamo. From given values simply of Ri and Rg, 
the resistances of the two sides of the network, and of V^, the terminal voltage 


across the outers, it is only possible to state tW maximum ideal out-of-balance 
Current iMhe voltagd on either side of the network were file same, i.e. if the 

balancfng were p<'rfect.^ 




and from this 


Tills ideal value of 

€/ “ ••'i 

must usually Ix" deduced the values of R. and R^, wfcen these arc not definitely 
stated. ^ 

Assuming then the valu^ of R^ and /\\, the real value of can be more 
iK'cnralely stated. T.et the current through the network W'ithout any bai^.ncer 

^ IT^ If 1 w** I /> where is the brush voltage. The series 

f, •*'1 i\g iVj -f- rtj -( 

winding, Ixnng necessardy arranged only on one side ofctfae network in order 
that the voUagt' of the parallel cirifiiits of the armaj^iire may be equal, is here 
ast'uinod to Im' on tlie same .side as R^, and since we are not now concerned 
with the si^n or ilirection of or /^, Ry may be simply made the higher 
resistances so th:ft the comktions are at^ their worst. 

'f/v’i I - A\) T,{R, 4 R,^.\ R^ + 
fr , 

where f/'has the folkiwio,; values - *' 

in the 2-phasc case, IJ* ■ i R,f^)R 2 b {Ri b R^ -b 2?^ -b Rq) 

*"+ + li. r 

. „ 3.,>lias.x „ - •>(/(? < RJIi, f ( (ff, + 

. t R, + f i fl-J 

4-pha*- ■=2(W,+ «JR,4, Jr,»(R,+ R.+ R»+R,) 

%JR,(R,+ R,+ R„,4. 

The first s^(>.Ger.>(^e design must, however, be to determine If y the 
fraction whichThc excess voltage on one side, of the network may be perm'tted 
to be of the half brush voltage, ' 

2 e„ /?i b /?, 


Then 




yj2 


X?, -b R„ 

ynpk{Rx± 


"b Rm~^t~y(^i +■ Rfni 


^2 
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increase in tfie nimber of slip-rings, the atlvantagc is gaine<1 that 



«§.8. Fdondatioi^ and erection of dynamos.- It remains tf) add 
a few remarks on the fixing and working of dynamos and motors 
i%g^aral. Jn. thfi first p^ace, good foundations are as much an 
essefitiaf fgr successful working as a good i^adune, inasmuch as any 
^ vibration is most*(I&trijnentaI to the life of tlicarntatyre, cominTitator, 
and brushes. ground should be excavated imtij^ LijRhiind and 
solid bottom is^reached, on which m^ be built ii])gi founjlation of 
concrete, Oj^ of concrete and brickwork, siitficiently massive to 
absorb ^nd damp th^fibration of a fast-running dynamo or engine. 
With small motbrs, Lewis bolts having a tapering shank of rect- 
angular section with jaggt'd edges are us(‘d to hold down tlie Ixid- 
plate or slide-fai^s : aiftl square holes recjuired for these bolts are 
cut into the concrete, their position l)ting marked ( Jf usually from 
a wooden template of the slide-rai^, and wlien tlu'se latter arc 
ready to be laid down the bolts are dropjX‘d in and fixed by k‘ad 
or sulphur cement run in round them. With larger dynamos, long 
holding-down bolts are used, passing right thruugli Ic the bottom 
of the concrete %nd terminating at their lower tlid:, iii^irgi* scjuarf? 
plates. The holes for such bolts are idrme^ in llu‘ concwle by 
inserting long tapennj woodim boxes, of S(pi;irc secliolt and made 
collapsible for the purpose, of withdrawing, through winch pass the 
bolts ; when the bed-plate is in position, tlitn cement is run in round 
theTdn^ until the holes are full, and is tluai allowed to s(d withcalt 
disturbance. ca.ses, the np|x‘r surfa(a* of the. foundatior^ 

should be carbnlr^ levelled with a >lraiglit-edge and spirit-level, 
or a smooth slab of York stone may tx? usi'd as a seating on the ^op 
of the concrete. ^ 

Perfect steadiness of driving i| of great impor^^ince, esjxicially for 
direct incandescent lighting ; a very sliglit lluctiiayon^in the speini 
of the dynamo, even liiough it be not great eiiyiigli to cause sparking, 
is immediately discernible as a pulsation in rtu- light of the lamps, 
owing to the .slight change of E.M.F. ^o whWi it gives rise On this 
account some ^pes of gas^r oil engines an; inadmis^ibk; for direct^ 
lighting owing to j;heir great flucy.atr«ftt)f speed during (Mch cycle, 
even whelTl fitted with he,a\y fly-wheels. When such prime'movers 
used, the dynamo is usually workqf in conjunction with an 
accumulator battery, and even then ft is advisajj^-for^hc dynamo 
to be itself fitted with •a iicavy disc fly-wh^elf In sifch cases, the 
secondary ^lls should ni'vir be jffaced in the same voom with the 
dynamo, sil*ce the cotton or otlier fibrous insulation of the dynamo 

‘ For^ fuller 'treatment, vidg “The Theory of Static Balance^" by 
C. C. Hwkins, journ l.E.Ii.. 4.5, p. 704 and hlectr , Vol. 67, p. 342; 
and H. Lorenz, E.h.M., Vol. 35*(19I7). p.,90. t 
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wires is rapidly attacked and eaten away ky the^cid spray^fCen off 
(fuyng the process of charging. * * ' ^ * 

■ • After the machine has been fixed in position, the Armature* should 
•be twned round by hand to s^e that it revolves freely and that 
nothing is loose ; it should thed be run for some time with the bilisnes 
raised from the commutator, in order to test the alignment of^lg 
bearings afid of the machine general^. The adjustment ol the 
brushes when lowered* on to the commutat<^, requires careful 
a*ttention% usually lin^is are cut oi)^ the collar 6r' sectors of the 
commut|^tor *ngxt to the outer bearing (these lines corresponding 
to the angular pitch of the poles), and to them the brushes must 
be set, the tips of 6ach set of brushes carvjc^d by oifb arm of the 
brush gear being in line with one setting mark. 

All screw contacts should be firmly screwed up, and any dirt or 
lacquer (if such there be) on the points of ttrr^inaJ-scTews should be 
cleaned off. ^ant of contact of the brushes on the commutator or 
elsewhere may cause a failure the dynamo to excite. The electrical 
connexions should be carefully examined and verified, in especial, 
the connexions t(j the field-magnet coils. On starting, it should be 
borne in mind that a shunt-wound dymimo will not excite on a very 
•^ow resistaifce, or fi»series-wound dynamo on a ver^ high resistance. 

If, tlitrefort', a shunt-woutld dynamo fails to excite even when the 
main swili^i is op(’n,*a short circuit in the leads is a possible cause. 
Any such difficulty will usually be solved by testing with an 
oi^dinary linesman’s deku tor ; or, in default of a solution by this 
nu'ans, trial may lie mad(i with the connexion of the bnrjli^feads 
to the (ield^winding transposed, in case it is through misconnexion 
that the field will not e.xcite.' ♦♦ 

If a machine lias been staiTding for long out of action, and its 
windings are consequently very damp, it should be run at a low 
voltage for .sofne l^tle tune until i| becornes thoroughly dry. 

§ 9. Care of machine in working.T-To bed a new set of carbon 
finishes, a Tong strip of fine emery or oarbyrundum cloth should 
fie strained taut agninst thh curved surface of the commutator, 
and then fie drawn reft^atec^y in the direction of rotation imder • 
the face of t^io brushes, wjudi are meonwhile pressed down on to 
* it their pressure sprii%g^* After any such yj)eration, the tips 
of the 'brushes must be cleaned from any adherent copper dust. 

For the filling of the kf^ricators cofiper oil-cans should invariably^ 
fie usPd, sijjice^jrijji cans are liable to be drawn to the magnet, and 
thereby jicrllaps caiftse damage by catching in the armature. All 
oil-pipes and, waste oif-chambervcquire occasional attrition to see 
that they are not clogged. If fr(/ai any neglect in this respect, or 
from original Ticfective constnulioh, lubricating oil creeps from the 

* For other causes of failure to excite their reiuetlierf, ste Klil^ Walker, 
The lyiagHOsing Troubles /h Fjff/ricflf AfacAiMer, pp. 287 280/ 
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beari^l^n to the surface^of tlie commutator, it Ix'comos carhoifized 
^ bv any sparking at tl\e brush-tips, and forms a thin conducting 
whicb*bridges across the strips of insulation bctwam the scctt^r# of 
the commtjtator, the result being a loss o{ K.M.l-'. diu^to tlu‘ local 
lealcage which ensues ^)etween nft^i^ibonring coils; while ft oil 
furiher makes its vyay on to the armature wiiuling, it^ias a*de- 
ef^ct on the pr#tecting varnish, and caust^ adlieri'nt 
deposits of^lirt ami copper •bist. livery (Vynamt. should tla^efore 
be kept clean, 4iMd in *t‘special its commutator it tyiirt'S scnij^uloun 
care on tfiis p(^nt. A small air compresstV, by int'Mii^of which 
the dust collected by the armature connexions an^ windfng may 
be blown o«t at intervals, is a valualde accessory to any largi* 
installation. The terminals and insulating washers of tlu* brush 
gear occasionally require t^) be wiped to reniov(‘ any dust which 
may have Ic'^ged on tiiem. With carbon brushes ])araflin wax 
may be sparingl/ usf d as a lubricant and to prev(‘nt chattiaing. 

If carbon brushes show signs of ('o^)[Vr dust worlfin^ into their 
bearing surface, any such cop[)ering must be <'arefully scraped away. 
The dark burnished lustre which may be setui on the commutator 
of a good non-sparking dynymo is tlu* sure (;\'i(l(>nn‘ of a careful ' 
attendant. Ocq^sionally, before stoj)ping, lme^rmt ry§ cloth may 
be applied if the .surface shows signs of,>vearing into gia>rtves and 
becoming uneven. If a Hat begins to develo]) (•! om- or n^ore sec tors 
(Chapter XX, § 49), itfnay often be ground oift by applying a hard 
stone with curved face to the cennmutator wImui running. Jhit if 
the 4iig^e has gone too far for such remedy, the armatun- must lx; 
put in a lathe and the commutator surfac e turnc'd uj) tnu' ; tfic' 
tool should be sharp and fine-point<*d, and the- feed shoflld be light,# 
so as not to drag th(^ copper over ^lie insulating strips of mica ; 
after turning, it shcmld be lightly iiled with a smooth file, and lina “y 
esamined to see that no particles of copjxu' an- embedd# (l ifi the mica, 
bridging adjacent sectors.'* Still Hetter is it to griftcl the; commutator 
tnie in place by means ofyi small motor-drivi-n en#cT'* wlu;e}. 
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